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Introduction

This document has been submitted to Universal Technology Corporation (UTC)
to serve as the final report for Chris Muratore working for the US Air Force Research
Laboratory (AFRL) through Universal Technology Corporation under contract number
F33615-03-D-5801, Collaborative Research and Development task order 531-20 from
August 2004 to May 2008. This work has centered on the development of novel plasma-
based processes for materials to reduce friction and/or protect against wear. The work
has been diverse and extensive, with applications ranging from high mach engines to high
frequency micro-switches. Enclosed is a collection of seventeen peer reviewed journal
articles authored or co-authored by Chris Muratore while working under this contract.
The papers should effectively account for the technical work completed under this task
order at AFRL, and with collaborators in industry and academia. In addition to the
technical work featured in the journal articles, Chris also worked on proposals for
funding, mentoring and advising of graduate students as well as post-doctoral
researchers, laboratory maintenance and management. He presented the data at
conferences, with three invited talks, and was a session chair at several conferences he
attended.

Explanatory notes for journal articles

All papers are numbered to assist the reader of this report. The collection of
papers are divided into two categories; 1) authored papers and 2) co-authored papers.
The papers in each category are currently numbered in chronological order. Below, a
brief explanation of the nature and extent of the work performed by Chris Muratore as an
employee of UTC at AFRL is presented for all papers.

Authored Papers

1. Growth and characterization of Nanocomposite Yttria-Stabilized Zirconia
with Ag and Mo.

2. Tribology of Adaptive Nanocomposite Yttria-Stabilized Zirconia Coatings
Containing Silver and Molybdenum from 25 to 700°C.

3. Molybdenum Disulfide as a Lubricant and Catalyst in Adaptive
Nanocomposite Coatings.

4. Multilayered YSZ-Ag-Mo/TiN Adaptive Tribological Nanocomposite
Coatings.

5. Adaptive Nanocomposite Coatings with a Titanium Nitride Diffusion Barrier
Mask for High-Temperature Tribological Applications.

6. Oxygen Plasma Treatment and Deposition of CNx on a Fluorinated Polymer
Matrix Composite for Improved Erosion Resistance.

Smart Tribological Coatings with Wear Sensing Capability.

Control of Molybdenum Disulfide Basal Plane Orientation during Coating
Growth in Pulsed Magnetron Sputtering Discharges.

Papers 1-5 focus on high-temperature adaptive tribological coating materials that
demonstrate multiple adaptive mechanisms that change the surface chemistry and/or



morphology in order to provide a low shear surface to a sliding contact. Initial
mechanisms were diffusion and tribo-oxidation (1-2). Later, techniques to modulate
diffusion (papers 4 and 5) and employ catalysis for the production of novel solid lubricant
phases (paper 3) were explored. These materials are unparalled in reducing friction over
a broad temperature range of 25-700 °C. These materials an techniques were developed
by Chris Muratore at AFRL in cooperation with Andrey Voevodin and others as listed on
the papers.

Paper 6 describes a novel plasma treatment technique that enables depostion of
coating materials on fluorinated polymer surfaces. The paper specifically describes a
carbon nitride material that was effective in reducing erosive wear of polymer composites
with a fluorinated polymer matrix that has mechanical properties that are suitable for
propulsion applications. These materials an techniques were developed by Chris
Muratore at AFRL in cooperation with Andrey Voevodin and others as listed on the
papers.

Paper 7 describes a new in situ wear sensing technique useful in the laboratory
and potentially useful in AF applications. Thin layers of different materials that fluoresce
with characteristic spectra under laser illumination were deposited throughout a
tribological coating material. By monitoring the light scattered from a worn surface, the
extent of wear could be determined. The concept was co-developed with David Clarke at
University of California at Santa Barbara, and apparatus for testing was developed by
Chris Muratore at AFRL in cooperation with Andrey Voevodin and John G. Jones.

Paper 8 describes new processing structure relationships in MoS; thin films that
allows remarkable control of the surface properties of the material. The concepts
developed in this paper are currently fueling research efforts in diverse areas. This
concept was developed entirely by Chris Muratore.

Co-Authored Papers

9.  Recent Advances in Hard, Tough, and Low Friction Nanocomposite
Coatings.

10. Tribological Performance of Hybrid Filtered Arc-Magnetron Coatings.
Part I: Coating Deposition Process and Basic Coating Properties
Characterization.

11. Plasma Diagnostics of Hybrid Magnetron Sputtering and Pulsed Laser
Deposition.

12. Tunable Friction Behavior of Oriented Carbon Nanotube Films.
13. Self-Lubrication of Hot YSZ-Ag-Mo Nanocomposite Coatings.

14. Silver Diffusion and High-Temperature Lubrication Mechanisms of
YSZ-Ag-Mo Based Nanocomposite Coatings.

15. Adaptive Mo,N/MoS,/Ag Tribological Nanocomposite Coatings for
Aerospace Applications.

16. Plasma Treatment of Carbon Nanotubes.



17. Electrical Switching Using Compliant Metal Infiltrated Multi-Wall
Nanotube Arrays.

Paper 9 is a review of nanocomposite coatings. A section on temperature
adaptive coatings was included and writted by Chris Muratore.

Paper 10 describes a hard coating deposition process. Chris Muratore provided x-
ray diffraction analysis that assisted the primary investigators in understanding the
process chemistry.

Paper 11 shows plasma characterization results in a novel synchronized pulsed
laser/pulsed sputtering coating deposition process, and correlates the results to structural
characteristics of materials processed under different conditions. The idea was developed
by Chris Muratore and Andrey Voevodin. John Jones and Adam Waite performed
spectroscopy in the plasmas.

Paper 12 described the mechanical behavior of oriented carbon nanotubes.
Plasma treatment and subsequent characterization of the nanotubes was performed by
Chris Muratore and Andrey Voevodin in this collaborative work with Greg Sawyer at the
University of Florida.

Paper 13 is a summary of coating concepts developed by Chris Muratore and
Andrey VVoevodin, (covered in papers 1-5) found in Defense Tech Briefs. The presence
of our work in this venue may suggest that this work strongly appeals to the USAF. The
author of this document is unknown, but most figures and text were borrowed from
papers 1-5 and Paper 14.

Paper 14 describes results from microscopy studies if materials described in
Papers 1,2,4 and 5 with some analysis provided by Chris Muratore.

Paper 15 was a collaborative work with Samir Aouadi at Southeren Illinois
University, Carbondale. Professor Aouadi used the catalytic tribochemistry concepts
described in Paper 3 to further explore surface chemistry phenomena in temperature
adaptive tribological coatings.

Paper 16 describes the processing work used in Paper 12. The processes were
conceived by Chris Muratore and he also performed characterization of all materials.
Spectroscopy was performed by John Jones and Adam Waite.

Paper 17 was submitted to the Journal of Materials Research and is a
collaborative effort with Rensselear Polytechnic institute and the University of Florida.
Chris Muratore and Andrey Voevodin developed techniques to metallized carbon
nanotubes to produce different electrical and mechanical properties of interest for micro-
switching applications.



Presentations

Below is a list of presentations that have been given by Chris Muratore on the
work performed under this contract.

1.

“Adaptive nanocomposite tribological materials and an in situ FIB technique
for TEM imaging of sliding contact interfaces”, (invited) C. Muratore, J.J.
Hu, R. Wheeler, A.A. Voevodin, Materials Research Society Spring
Meeting, March 24-28, 2008, San Francisco, California (USA).

“Adaptive tribological nanocomposite coatings” (invited) C. Muratore, J.J.
Hu, J.G. Jones, A.A. Voevodin, 54™ Annual American Vacuum Society
Symposium, October 14-19, 2007, Seattle, Washington (USA).

“Recent Developments in Nanocomposite Tribological Coatings” (invited),
C. Muratore, J.J. Hu, J.G. Jones, A. A. Voevodin, 18™ Annual Advanced
Coatings and Surface Engineering Workshop, April 19-21 2007 Golden,
CO.

“Nanocomposite coatings demonstrating temperature adaptation over
multiple thermal cycles from 25-700 °C”. C. Muratore, J.J. Hu, J.G. Jones,
A.A. Voevodin, International Conference on Metallurgical Coatings and
Thin Films, April 23-27, 2007, San Diego, CA, p.11.

“Adaptive Tribological Coatings for High Temperature Sliding in Air” C.
Muratore, J.J. Hu, J.G. Jones, A.A. Voevodin, Society of Tribologists and
Lubrication Engineers (STLE) 2007, 62nd Annual Meeting, May 6-10,
2007, Pennsylvania, PA.

“Tribological Behavior of Pulsed Laser Deposited Mo (W)-S-Se-Te
Composite Thin Films in Dry and Humid Environments.” J.J. Hu, R.A.
Wheeler, P. Shade, A. Shively, R.B. Kerns, D.H. Sergison, J.E. Bultman,
J.S. Zabinski, J.H. Sanders, C. Muratore, A.A. Voevodin, Society of
Tribologists and Lubrication Engineers (STLE) 2007, 62nd Annual
Meeting, May 6-10, 2007, Pennsylvania, PA.

“Adaptive nanocomposite coatings designed to provide lubrication
throughout a broad temperature range and over multiple thermal cycles”
(invited) C. Muratore, J.J. Hu, J.G. Jones, A.A. Voevodin, French Vacuum
Society (SFV) 16™ International Colloquium on Plasma Processes, June 4-8,
2007, Toulouse, France.

“Nanocomposite tribological coatings exhibiting reversible temperature
adaptation” (invited), C. Muratore, J.J. Hu, A.A. Voevodin, 17" Annual
Advanced Coatings and Surface Engineering Laboratory Workshop, April
27-29, 2006, Golden CO.

“Correlation of plasma flux composition to the structure and proEerties of
engineered surfaces” (invited), C. Muratore, A.A. Voevodin, 17" Annual

Advanced Coatings and Surface Engineering Laboratory Workshop, April
27-29, 2006, Golden CO.



10.

11.

12.

“Multilayered adaptive nanocomposite coatings exhibiting low friction
throughout a broad temperature range” C. Muratore, J.J. Hu, A.A.
Voevodin, International Conference on Metallurgical Coatings and Thin
Films, May 1-5, 2006, San Diego, CA.

“Multilayered adaptive nanocomposite coatings exhibiting low friction
throughout a broad temperature range and multiple thermal cycles,” C.
Muratore, A. A. Voevodin, J.J. Hu, 10" International Conference on Plasma
Surface Engineering, September 10-15, 2006, Garmsich-Partenkirchen
(Germany).

“Growth and characterization of nanocomposite yttria-stabilized zirconia
with Ag and Mo” C. Muratore, A.A. Voevodin, J.J. Hu, J.G. Jones, J.S.
Zabinski, presented at the International Conference on Metallurgical
Coatings and Thin Films, May 2005, San Diego, CA.
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Growth and characterization of nanocomposite yttria-stabilized zirconia
with Ag and Mo

C. Muratore **, A.A. Voevodin ®, J.J. Hu®, J.G. Jones °, J.S. Zabinski °

* UTC Inc., Air Force Research Laboratory, Materials and Manufaciuring Directorate, Wright Patterson Air Force Base, OH 45433, United States
 dir Force Research Laboratory, Materials and Manufacturing Directorate, Wright Patterson Air Force Base, OH 45433, United States
“ UES Inc., Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright Paiterson Air Force Base, OH 43433, United States

Avatlable online 13 September 2005

Abstract

The effect of metal additions on the structure and properties of nanocrystalline yttria-stabilized zirconia (YSZ) thin films deposited by a
hybrid magnetron sputtering/pulsed laser deposition technique was studied. The materials are candidates for use as adaptive, “chameleon”™
nanocomposites for tribological applications subjected to thermal cycling up to high (700 °C) temperatures. The composition, structure and
mechanical properties of the films were characterized with X-ray photoelectron spectroscopy, electron dispersive spectroscopy scanning
electron microscopy, high-resolution transmission electron microscopy, X-ray diffraction and nanoindentation. Increasing the metal content
of the films by increasing the magnetron power resulted in decrcased zirconia grain sizes for films with silver and/or molybdenum additions,
The reduced zirconia grain size was attributed to a decrease in the ion-to-atom ratio during deposition. Unlike the YSZ--Ag films that
exhibited reduced hardness with increasing metal content, YSZ-Mo film hardness increased from 12 to 17.5 GPa at 15 and 24 at%
molybdenum, respectively. Adding molybdenum to the films resulted in cracks and holes in the film surface indicative of molybdenum
oxidation during processing. Adding both silver and molybdenum eliminated the undesirable surface features found in the YSZ-Mo films,

© 2005 Elsevier B.V. All rights reserved.

Keywords: Nanocomposites; Pulsed laser deposition; Magnetron sputtering; Hardness

1. Introduction

Composite coatings consisting of hard nanocrystalline
phases surrounded by amorphous matrix materials have
demonstrated remarkable properties for tribological appli-

resistance and low friction in a broad temperature range {7 -
9]. Adaptive or “chameleon” nanocomposite coatings arc a
class of materials that independently adjust surface compo-
sition and structure to optimize tribological performance as
the ambient environment changes, while also displaying the
remarkable hardness and toughness common to nanocrystal-
line/amorphous composites [10]. For aerospace applica-
tions, films that can adapt to a broad range of temperatures
in order to provide low friction and wear are of significant
interest. Yttria-stabilized zirconia based chameleon coatings

* Corresponding author, Tel.: +1 937 643 9463.
E-mail address: chris.muratore@wpafb.af.mil (C. Muratore).

0257-8972/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2005.08.032

containing gold and other solid lubricants exhibit low
friction at temperatures of 500 °C and under [11], however,
improved performance from room temperature up to 700 °C
or higher is desired. In this work the effect of metal
additions on microstructure and mechanical properties in
Y SZ-based nanocomposites was investigated in an effort to
develop chameleon nanocomposites with improved tribo-
logical performance in a broader temperature range.

The hybrid magnetron sputtering/pulsed laser deposition
(MSPLD) process [12] is well-suited for growth of YSZ~
metal films as electrically insulating targets are preferred for
PLD processes and dc magnetron sources operate most
predictably with conductive metal targets. Using separate,
single phase target materials rather than composite targets
also allows for production of an infinite range of compo-
sitions by adjustment of laser repetition rate or magnetron
target power density. Additionally, the pulsed laser compo-
nent of the deposition process provides pulses of high ion
flux to periodically increase the ion-to-atom ratio during
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deposition, allowing for control of film microstructure with
substrate bias [13]. Metal content was tallored by adjusting
the power density to the metal magnetron target or targets,
while ihe laser energy and repetition rate were fixed, YSZ-
metal films containing pure silver and pure molybdenum
were deposited to examine the effect of inert and reactive
metal additions. Films containing both metals were also
produced. The details of preparation, structure and mechan-
ical properties of these films are presented in this work.

2. Experimental

All deposition experiments were conducted in a stainless
steel chamber cvacuated by a 520 1 ' turbomolecular
pump to a base pressure of 7 107° Pa or fess, A schematic
of the chamber is shown in Fig, 1. Coatings were deposited
by magnetron sputtering/pulsed laser deposition {MSPLD)}
on polished 440C, M50, Inconel 718 substrates, and on
(001) Si wafers. Six | in, diameter subsirates were
degreased, then loaded into the chamber and heated to
150 "C and cleaned with energetic argon (<800 ¢V) and
metal ions {630 V) to clean the surface before deposition,
The metal ions were produced with a filtered cathodic arc
source fitted with a titanium target. The arc source was also
used 1o deposit a thin (<106 am) titanium adhesion layer,
and (<300 nm} graded Ti/Z:O, layer to promote film
adhesion to the substrates. The chamber was then filled with
1.6 Pa Ar {99.99% pure) at a flow rate of 100 scem. A KrF
excimer laser was used to irradiate a 5 wt.% yttria-stabilized
zitconia (YSZ) target with 800 mi, 25 ns widé UV puises
{248 nm} at 2 frequency of 30 Hz. Programmable mirrors
were used fo direct the laser to random positions on the
surfdce of the rotating, 5.0 cm YSZ target. Silver and
molybdenum were added to the films by sputtering 3.3 cm
targets made of purc silver or pure molybdenum. The de
power density to the magnetrons was adjusted from | to 5
W em™? to control the metal content of cach fifm. During

deposition, the substrates were biased to — 150 V de, and
maintained at 150 °C. A 2.5 ¢m” planar probe positioned in
the substrate carcusel and biased to — 130 V dec was also
used to measure the ion flux from the magnetron for the
range of farget power densities for the siver target
Deposition times to obtain =2 um thick {ilms varied from
35 to 85 min depending on the magneiron power density.
Film composition was measured with a Surface Science
Instruments M-Probe X-ray photoclectron spectrometer
(XPS8). Samples were sputtered clean with 3000 eV Ar
ions immediatety prior to all XPS measurements. The
structure of the films was characterized using glancing
incidence X-ray diffraction, with 0 fixed at 8% for all scans.
An MTS Nanoindenter XP was used to measure the
hardness and elastic modulus of all films. Transmission
electron microscopy (TEM), scanning electron microscopy
{SEM), and electron diffraction analysis were also used to
characterize film microstructure and composition.

3. Results
3.1 YSZ-Ag films

During deposition of the YSZ—siiver films, the ion flux
from the magnetron was found to increase linearly from
16x10 em s T to33x10% em s as the target
power density was increased from 15 W em * to 3 W
em™ 2. Increasing the magnetron power had no influence on
the ion flux from the pulsed laser plasma, except to shghtly
increase the baseline flux over the 16 ns laser period and
ensuing afterglow (<40 ps). XPS analysis showed that the
YSZ-Ag films contained 13--20 at% silver. The SEM
micrograph of the film surface in Fig. 2 shows bright, silver-
rich clusters of crystallites approximately 560~ 1000 nm in

10pm

Fig, 2. Secondary electron micrograph of the YSZ- 209 Ag film susface,
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Fig. 3. X-ray diffraction patterns for YSZ-Ag films of different
composition,

diameter that protrude above the surface. Smaller clusters of
zirconia crystallites with silver at the boundaries make up
the bulk of the surface. Fig. 3 shows X-ray diffraction
spectra of the YSZ~Ag films, which exhibited broad
tetragonal zirconia peaks [14] and sharper silver peaks
[15]. The intensity of the t-ZrO, (111) peak decreased with
increased silver content. The hardness of the YSZ—Ag films
decreased monotonically with increasing silver content as
shown in Fig, 4, however the modulus stabilized at 230 GPa
for the films with more silver.

3.2, YSZ—-Mo films

Yttria-stabilized zirconia films containing 9-23 at%
molybdenum were also deposited with the MSPLD techni-
que. Fig. 5a shows the surface morphology of the film
containing 9 at.% molybdenum, and Fig. 5b shows the
surface for the film with 24 at.% molybdenum. Both
surfaces were marked by shallow scratches from the initial
condition of the substrate surface (Fig. 5a and b), and
fissures as shown by the higher magnification inset in Fig.
5b which is representative of all of the features shown in the
lower magnification views. The areal density of the fissures
was linearly proportional to the concentration of molybde-

showed that the relative intensity of the (111) 7-ZrO, peak
decreased with increasing metal content, following the same
trend observed for the YSZ-Ag material. The zirconia
peaks were increasingly broader with molybdenum content.
The molybdenum diffraction peak [16] sharpness increased
with the content of the metal in the film. X-ray peaks from
the substrate were also apparent, even though the YSZ—Mo
coatings were of the same thickness as the YSZ-Ag
coatings. Fig. 7 shows that the hardness and elastic modulus
also increased with metal content, contrary to that observed
for silver additions to YSZ in this work, and gold additions
studied previously [17]. ‘

3.3. YSZ—Ag—Mo films

These films all contained approximately 10 at.% molyb-
denum (£2%), and the silver content was varied from 5 to 24
at.%. Fig. 8 shows that the surface of the YSZ-Ag—Mo film
containing 24% silver is similar to the YSZ—Ag film surface
with occasional large, silver rich grains and small clusters of
silver in the boundaries between clusters of crystallites. None
of the fissures present in the YSZ-Mo films were observed
in this specimen. Fig. 9 shows the X-ray diffractograms for
YSZ-metal composites containing both silver and molyb-
denum. Again, the ¢-ZrO, (111) peak diminishes with
increasing silver content. Molybdenum diffraction peaks
were observed in the YSZ-Ag—Mo composite with the
lowest Ag content, however were not detected in the films
with 16 and 24 at.% silver. In the coating containing 5%
silver the sharp Fe (110) peak is present, however, in YSZ—-
Ag—Mo coatings with higher silver contents, the Ag (200)
peak obscured the peak from the substrate. The hardness and
modulus decreased significantly between the films contain-
ing between 5 and 16 at.% silver, but were maintained for a
further increase in silver content as shown in Fig. 10. With
hardness values of =6 GPa, the YSZ-Ag—Mo films were
significantly softer than any of the films containing only one
metal. A high resolution TEM micrograph in Fig. 11 reveals
nanocrystalline silver grains of <20 nm.

4, Discussion
4.1, YSZ—Ag films

The broad (111) and (002) ZrO, X-ray diffraction peaks
in Fig. 3 indicate that the ¢-ZrO, was nanocrystalline 18],
and the lack of diffraction intensity compared to the other
phases present in lesser amount suggests that some
amorphous ZrO, must also be present. The decrease in
intensity of the (111) and (002) ZrO, diffraction peaks with
increasing metal content shown in Fig. 3 was likely the

25 350
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Fig. 4. Hardness and modulus of the YSZ-Ag films of different
composition.
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20um

Fig. §. Secondary electron micrograph of the {a) YSZ-9% Mo and (b) YSZ--24% Mo film surface,

result of increased metal atom flux during deposition when
the jon-to-atom ratio is considered. As indicated earlier, the
ion flux to the substrate was lnearly dependent on the
magnetron power for YSZ- Ag deposition. However, based
on the accompanying deposition rate increase, the silver
atom flux Increased by a factor of 10 as the target density
was increased from 1.5 W em™? to 3 W em ’ For
relatively low deposition temperatures comparable to those
used in this work, other authors have shown that energetic
ions are necessary to induce crystallization of YSZ [13,19],
and the energy of the ions can be adjusied {or modification
of ZrQ)» texture. Thus, increasing magnetron power signifi-
cantly reduced the energy deposited per atom, and likely
inhibited growth of crystalline ZrO, at 150 °C, in agreement
with results shown by other authors for 1on-assisted growth
of pure YSZ {13,191
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(110 {211)
= ZrQ,
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e |
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Fig. 6. X-ray difffaction patterns for the YSZ- Mo flms of different
cotmnposition.
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Increasing the sitver content also reduced the hardness of
the films, which s a simiiar resuit 1o that observed for the
YSZ-gold system [17], where it was postulated that the
addition of soft metal to the matrix increases the ductility of
the matrix. Additionally, the absence of chemical bonding
between the zirconia nanocrysials and additional silver in
the matrix could further reduce the hardness. The modulus
for the YSZ—silver filims showed stabilization at 230 MPa
for the two higher silver compositions alse as seen in the
YS8Z—gold system in the same composition range [!7],
howevert there were not enough data points in this work to
verify the existence of a clear trend.

4.2, YSZ~Mo films
The fissures shown in Fig. 5 on the surface of the film

suggest accommodation of a volume increase, as they were
typically accompanied by film material that had been
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Fig. 7. Hardness and modulus of the YSZ-Mo films of different
composition.
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Fig. 8. Secondary electron micrograph of the YSZ-24% Ag-10% Mo film
surface.

pushed out relative to the substrate. Such a volume increase
could be caused by formation of MoOj in the vapor phase
[207] or solid phase [21] during processing. Volatilization of
MoOQ; is reported to occur only at temperatures above 400
°C in air [20], however no data were found by the authors
that applied to a low pressure plasma environment in the
presence of atomic oxygen. Whether produced in the gas or
solid phase, other authors have shown that production of
molybdenum trioxide can result in cracks and enlarged
pores similar to those observed here [20,21].
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g (111)
£
s Ag
> Zr0y [ (200) A Ag
@ (220)  (311)
o
o
= 5 at. % Ag
Fe
substrate
Ag (110) ,
Zr0, (11) Ag
(111) (220)
T T 11 M I T 1
20 40 60 80

2 9 (degrees)

Fig. 9. X-ray diffraction patterns for. YSZ~Ag-Mo films of different
composition.
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Fig. 10, Hardness and modulus of the YSZ-Ag-Mo films of different
composition,

The trend of decreased (111) ZrO, diffraction peak
intensity and increased width was consistent with that
observed in the YSZ-silver films. It is assumed again that
the increased neutral metal atom flux from the increased
target power density resulted in the composition-dependent
structure of zirconia, however, molybdenum has been
shown by other authors to inhibit grain growth in zirconia
[22]. Further experiments will be conducted to see if
molybdenum is cffective in maintaining zirconia in the
nanocrystalline state for extended periods of time at high
temperature. The substrate peaks appearing in Fig. 5 likely
appeared because of the absence of silver (with an X-ray
absorption coefficient that is nearly twice that of Zr or Mo),
which allows for further penetration of the film by the X-
rays [18].

Contrary to the YSZ-Ag films, the hardness and
modulus values of the YSZ~Mo films increased with metal

Fig. 11. High-resolution transmission electron micrograph of the YSZ-
24% Ag~10% Mo film with selected area diffraction pattern (inset),

10
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content. The hardness increase suggests that the reduction in

zirconia grain size and increase in the volume fraction of

amorphous zirconia had a stronger effect on mechanical
properties than the addition of relatively soft molybdenum
metal to the zirconia phase. This hardness increase may
have had the same origins as those observed by other
authors for nanocrystalline/amorphous matrix composites,
where formation and movement of dislocations and eracks
are suppressed by interactions between the crystalline and
amorphous components [1,23-25], The effect of increasing
Mo content on hardness will be explored, but is expected to
result in softening of the films beyond a certain composition
due to porosity associated with a reduced ion-to-atom ratio
during deposition {26},

4.3, YSZ-Ag— Mo films

i, 8 shows that the surface features associated with the
addition of molybdenum do not appear when silver is also
added. This could have been the result of increased ductility
in the matrix associated with the silver addition, or a
reduced potential for contact between molybdenum and
oxygen due to the increased metal deposition rate [27]. The
{111y diffraction peak for zirconia is again diminished
between the films containing 16 and 24 at% silver, but
constant molybdenum content, suggesting that ZrQ, grain
growth during deposition was inhibited by the increased
neutral flux during the deposition process rather than the
presence of molybdenum, Again, all films were 2 um thick,
however the substrate peak was apparent when the silver
content was fow,

The hardness decreased between the samples containing
5 and 16 at.% silver, presumably because of increased silver
content, but then remained constant. This was likely due to
competition between the hardening cffect from the reduction
in zirconia grain size. which significantly decreased between
the films with the two higher silver contents and the increase
in total metal content, From the X-ray diffraction data in
Fig. 9, the grains in the YSZ-Ag-Mo films were
significantly smalier for all compositions than for the
YSZ-Ag film, which showed a direct correlation hetween
composition and hardness. The YSZ films containing both
Ag and Mo were significantly softer than the composite
films with only one elemental metal addition, probably
because of the combined ctfects of the reduced fon-to-atom
ratio on fiim porosity [26] and the increased total metal
content of the films.

5. Conchusions

A hybrid deposition technique was used to prepare yttria-
stabilized zirconia films with a range of silver and
molybdenum contents, The films exhibited nanocrystaliine
and amorphous zisconia phases with a grain size depend-
ence on the atomic percent of metal added to the film.

C. Muratore ot al. 7 Surfoce & Coatings Technology 200 (2003} 153491354

- Reduction in zirconia grain size was attnbuted to the

11

reduction in ion-to-atom ratio during fibln growth accom-
panied by increased magnetron power. Zircoma grain size
and metal content was also correlated to the mechanical
properties of the composite films. The hardness and
modulus of the Y8Z - Ag materials decreased with increas-
ing melal content, but either increased or stabilized for the
YS8Z~Mo and YSZ-Ag-Mo films. The addition of pure
molybdenum resulted i cracks and heles in the flm
surface, indicative of molybdenum oxide formation duning
deposition. Adding silver to the YSZ- Mo films eliminated
undesirable surface features,
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Abstract

The effect of different types and concentrations of metal additions on the fribological properties of yitria-stabilized zirconia-based coatings was
investigated in an effort to develop nanocomposite chameleon coatings exhibiting low friction in air throughout a broad temperature range. A
Lybrid process of magnetron sputtering and pulsed laser deposition was used to grow nanocrystaliine vttria-stabilized zirconta (YSZ) imbedded
in an amorphous YSZ/metal matrix. Silver was effective as a lubricant at 500°C and lower, while molybdenum formed a soft lubricious oxide
at higher temperatures, YSZ-Mo composites exhibited cracks and fissures after deposition, which were enfarged after heating. Cracking was
eliminated in YSZ-based coatings containing both silver and molybdenum. The YSZ-Ag—Mo coatings also exhibited moderately low friction
coelficients across the entire 25-700°C range, Characterization of the coatings after wear testing revealed that the development of 4 continuous
silver layer protected the undertying Y SZ—-Mo material from oxidation, provided lubrication up to 500 "'C, and aliowed for the controlled formation
of lubricious molybdenum oxide compounds in the wear track at higher temperatures, High-temperature adaptive lubrication mechanisms resulting
from noble metal diffusion and soft oxide formation in areas affected by wear are described.
© 2006 Elsevier B. V. All rights reserved.

Keywords: Adaptive; High-temperature; Nanocomposite

I. Introduction cant phases in nanocrystailine dr amorphous form to avoid the
. rule-of-mixtures behavior typicaily observed in farger-grained

Adaptive nanocomposites, aiso known as “chameleon coat- composites {7}, where hardness is proportional to the volume
ings”, are a class of materials that automatically adjust surface  fraction and hardness of each component [8.9]. For example,
composition and structure 10 minimize friction as the ambi- hard YSZ-based chameleon coatings containing gold (for fubri-
ent environment changes [1-5], Adaptation results from nano- cation up to 300 °C), Mo$; {for dry air or vacuum), and carbon
inclusions in the composite material that assemble into lubri- (for humid conditions) showed relatively low friction when sub-
cious macrophases when exposed to a particular range of exter-  jected to each of the conditions indicaled above, but without
nal conditions {i.e., temperature, wear and/or relative humidity), a significant reduction in hardness compared to the pure YSZ

The coatings are designed such that the lubrication mechanisms 3] In fact, monolithic nanocomposites consisting of hard and
of each phase are active in the friction contact while exposed soft phases can be harder than the hard phase alone [18,11], and

to the envirenment te which they are well-suited, without alter- possess superior tribological properties.

ation of the compesition or structure of the temporarily dormant In this work, the effect of silver and molybdenum metal addi-

solid lubricants. tions on the friction coefficient of YSZ-based nanocomposite
Nanocomposite chameleon coatings, which evolved from chameleon coatings between 25-700°C was investigated in an

earfier adaptive coating efforts [4-6], employ soft solid tubri- effori to increase the temperature range in which YSZ-metal

nanocomposites, similar to those described above in {3}, demon-

strate low friction coefficients. YSZ was selected as a matrix

* Corresponding author. Tel: +937 255 S163; fax: 4937 255 2175, material for its excellent thermal and chemical stability at elfe-
E-mail address: chris.muratore @ wpafb.af.mil (C. Murajore). vated temperatures, high mechanical strength and toughness,

0043-1648/% — see front maiter © 2006 Elsevier B.V. All rights reserved,
dol:10.1016/] wear.2006.01.029
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and low thermal conductivily. The tribological performance of
Y87, however, ts poor [1.12-14}, and therefure must be used
- with a fubricant if it is to come in contacl with other surfaces.

Noble metals can be effective solid lubricants for ceram-
ics and other hard materials [15-20] In previous work with
YS87-Au nanocomposites, Au diffusion and nucleation to the
tribo-contact were found to be critical for ihe adaptive behav-
ior {1,21]. From this perspective, siiver is appcaling because of
its large diffusion coefficient [22.231, which allows the metal 1o
rapidly provide lubrication with increasing tempeature.

Above 300°C however, silver is less effective in providing
lubrication while loaded because of excessive softening [19.24].
One approach for obiaining low friction at the higher end of the
desired temperature range (>500°C) is to incorporate a com-
ponent that, when heated in atr, will readily form soft oxide
compounds that deform by plastic flow rather than brittle frac-
ture {25-27]. This mechanism has been observed previously for
Zn0~WS8; adaptive coatings, where ZnW0O, was formed dur-
ing wear at 500 °C {28}, The addition of molybdenum metal was
examined in this work to see if lubricious molybdenum trioxide
[27,29-31] would form at high temaperatures (>500°C} in air.

Additionally, incorporation of both silver and molybdenum
metals in YSZ was studied to see if multiple lubrication mech-
anisms would operate throughout the 25-700°C temperature
range in a single composite material. with silver lubricat-
ing at low and moderate temperatutes, and MoOs or other
molybdenum-based compounds {27,29-33] at higher temper-
atures.

2. Experimental

Coatings composed of ytiria-stabilized zirconia (YSZ) and
different concentrations of silver and/or molybdenum metal
were deposited with a hybrid filtered vacuum arc/magnetron
sputtering/pulsed [aser deposition technique {10,34,35]. The
metal content was measured with X-ray photoelectron spec-
troscopy {XPS) after sputter cleaning each sample with 1000 eV
Ar* ions for { min. The microsiructure of the coatings was also
examined with scanning electron microscopy (SEM) and X-ray
diffraction, All coatings uscd for wear testing were approxi-
mately 2 wum thick.

Friction cocfficients in air with 30-40% relative hamidity
were measured with a high temperature ball-on-disc tribometer
using a 6.35 mam silicon nitride ball with a I N load. The sliding
rate was 0.2m s""i, with the disk rotating clockwise at 200 rpm
for all tests, The tribometer thermocouple was calibrated before
testing with a separate thermocouple spot-welded to an uncoated
substrate. Wear tests were started after coating samples were
heatad to the desired temperature (25-35 min) and allowed to
equilibrate for 5-10 min. A sample of each coating was tested
uniil failure at 25, 300, 500 and 700 “C. Failure was defined by a
shurp increase in the friction coelficient equal Lo or greater than
that of the uncoated substrate alone. All films lasied between
approximately 5000-15000 cycles throughout the specified tem-
perature range before failure. Selected samples were also worn
for only 1000 cycles to allow examination of the wear track
before failure. Upon completion of the ball-on-disk tests, sam-

ples were immediately removed from the furnace and alfewed to
cool in air. A new coating sample was used for cach wear test to
observe the adaptive behavior from the as-deposited condition.
Coatings deposited on 440C steel substrates were used for wear
measurements at 25 and 300°C, M50 was selected for testing at
500°C and Inconel 718 substrates were used for ali 700 "C tests.
The coefficient of friction for each polished, uncoated substrate
was also measured for comparison with the coated samples.

Selecied coating samples were re-examined with SEM,
energy dispersive spectroscopy (EDS), and X-ray diffraction
after wear testing develop an understanding of the operative
lubrication mechanisms,

3. Resulis
3.1, YSZ-Ag coatings

At room temperature the friction coefficient was (.40 for all
YS§Z-~Ag samples, and was therefore independent of silver con-
tent, This value was lower than the value of 0.68 measured for
an uncoated 440C substrate at room temperature. Fig, | shows
that the friction coefficient of the YSZ~Ag coatings was sensi-
tive to silver composition at 300 and 500°C, where increased
silver content gencrally resulted in a reduction of the friction
coefficient and an increase 1n the nwmber of cycles to failure, At
700 °C, the friction coefficient was 0.80 for coatings of all silver
contents, which was greater than that measured for the uncoated
Inconel substrate.

Fig. 2a~b shows the surface of (a) the as-deposited YSZ-
20%Ag coating and (b) the surface of the same coating after
heating 10 500 °C. EDS analysis showed that the bright grains in
the micrograph were composed of silver, while the background
consisted of both YS8Z and silver. Qualitatively, the arcal density
of silver grains on the surface before heating was proportional to
the silver content in the as-deposited coating and the temperature
of the sample during the wear test.

A micrograph of the wear track on the YSZ-20%Ag coating
after 1000 cycles at 300°C is shown in Fig. 3. EDS analysis
of the wear track and adjacent surface revealed a silver-rich
composition. The series of parallel lines along the wear track
consisted of silver that had coalesced to the surface and was
smeared during wear.
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Fig. . Friction coefficients of YSY—Ag composites from 300-700"C.
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Fig. 2. Scanning electron micrographs of YSZ-20%Ag composile coating surfaces. (a) as-deposited and (b} after heating to 580 ° C for approximately 2 h.
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Fig. 3. Wear scar in the YSZ-20%Ag coating afier 1000 cycles at 500°C.
3.2, ¥YS8Z-Mo coatings
Fig. 4 shows the friction coefficient ag 300~700°C. Like the

friction coefficient, the wear rate also increased with molyb-
denum concentration ai each femperature. These results are
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Fig, 4. Friction coefficients of YSZ-Mo composite coatings from 300-700°C.
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contrary to that observed for silver additions in this work and for
Y SZ~gold coatings studied previously {1}, The friction coeffi-
glent at room temperature for all YSZ--Mo coatings was 0.85,
which was greater than that measured for the bare 440C sub-
strate.

The SEM micrographs in Fig, 5(a~d} show the morpho-
logical response of two different compositions of YSZ~Mo
coatings after heating to 700 °C. The as-deposited coating con-
taining 9al.% molybdenum was marked with occasional fis-
sures (Fig. 3a), and developed blister-like features that were
520 um in diameter after heating (Fig. 3b). The surface of
gach blister had the same composition as the neighboring flat
areas. The inset in Fig, 5b shows the coating where a blister-
cap was removed from the surface. A faceted crystal was
found underneath. EDS analysis showed that the crystal was
composed entirely of molybdenum and oxygen. YSZ coatings
with higher molybdenam concentrations showed more fissures
in the same sample area after processing as shown for the
coating with 22at.% Mo in Fig. 5¢. After heating, faceted
crystals were observed on the surface (Fig. 5d). EDS analy-
sis of these crystals indicated much higher concentrations of
Mo and O than in the surrounding area. The wear scar of the
YSZ-9%Mo coating, after 1000 cycles at 700°C, shown in
Fig. 6, was also rich in molybdenum and nitrogen. The smeared
appearance indicates deformation of a soft phase during wear
testing,

Fig. 7a-b show the diffraction patierns from the sample con-
taining 22 at.% molybdenum (a) as-deposited and {b) after heat-
ing to 700 “C. The diffraction peaks that appeared afler heating
corresponded to MoQ3 (PDF 47-1320).

3.3, YSZ-Ag-10%Mo coatings

Fig. 8 shows the friction coefiicients for coatings grown
with 10 at.% molybdenum and different silver contents, ranging
from 5 to 24 at.% at all temperatures. The coating with Sat.%
silver exhibited high friction at all temperatures, similar to
the YSZ~Mo coatings described above. YSZ-Ag-Mo films
containing 17 at.% silver exhibited high friction at 500°C
and over. The YS8Z~24%Ag~10%Mo coatings had a friction
coefficient of 0.4 or less for all temperatures from 25 to 700°C



800 O Muratore et al. £ Wear 261 (2006 797-805
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Fig. 5. Scanning electron micrographs of different Y SZ-Ma composite coating surfaces. Specifically, (a} as-deposited YSZ-9%Mao. (b) Y5Z-9%Mo after heating
to 700 “C for approximately 2h. (¢) As-deposited YSZ-22%Mo and (d) YSZ~-20%Mo after heating to 700 °C for approximately 2 h.

20pm

Fig. 6. Wear scar in the YS8Z~20%Ag coating after 10060 cycies at 700°C.

and demonstrated the highest numnber of cycles to failure at each
temperature.

Before heating, all of the coating surfaces looked simi-
lar to the YSZ-Ag coatings shown in Fig. 2, with aone of
the cracking associated with the YSZ-Mo coatings, Fig, 9
shows the YS57-17%Ag-10%Mo coating after heating to
700°C. Surface coverage by the silver layer was disconiin-
uous, and the formation of blisters was observed as in the
YSZ~Mo coatings. Fig. 10{a~b) show electron micrographs of
a YSZ~-24%Ag~10%Mo coating {a) in cross-section, and {(b) on
the surface away from the wear track after heating to 500°C
during wear tests. Fig, 10(a) shows the initially monolithic coat-
ing developed two distinet layers after heating. EDS analysis
was used to determine that the top layer was pure silver with
an average grain size of 7= | um (Fig. 10b). Only trace amounts
of Mo were found at the surface with EDS and XPS analysis
techniques. The lower layer shown in Fig. 10a consisted of ¥SZ
and molybdenum, with traces of silver. Fig. 11(a—b) show the
wear tracks for the YSZ~24% Ag-10%Mo coatings after 1000
cycles in air at (a) 300°C and (b) 700°C. At300°C (Fig. 11a),
the wear track looks similar to that observed for the YSZ-Ag
coating (Fig. 3), with streaks of silver lining contact area. At
700°C (Fig. 11b), the silver is pushed toward the edges of the
track, however formation of crystals similar those formed in the
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Fig. 7. X-ray diffractograms of the {2) as-depesited YSZ-Mo composites and (b) the YSZ-22%Mo composite after heating to 700 °C for approximately 2h.

YSZ~Mao coating {Fig. 5b) and deformation of a soft phase in
the friction contact were observed.

4. Discussion
4.1, YSZ-Ag coatings

The dependence of friction coefficient on composition and
temperature illustrated in Fig. | was based on the surface com-
position during wear testing for each of the coatings. During
heating, stlver diffused out of YSZ matrix to form lubricious
silver grains which coalesced on the coating surface (Fig. 2b),
providing easy shearin the frictior contact (Fig. 3). Higher initial
silver contents and/or temperatures resulted in more fubricant at
the surface to facilitate sliding, thereby reducing friction and
wear over the hard YSZ material. At 700 °C, it is presumed that
the silver was too soft and was pushed out of the sliding con-
tact, reducing its ability 1o provide suitable lubrication [19,24].
Softening waould be especially pronounced for submicron siiver
grains which are subject to melting at temperatures below the
melting point of bulk silver [36,37].

Rapid coalescence of silver or other noble metals at the sur-
face of an initially homogenous composite during processing or
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Fig. B. Friction coefficients of YSZ-Ag~10%Mo composite
300-700°C.

coalings from
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heating similar to that reported on in this work has also been
reported by other authors {17,223}, Falster et al. [23], and
later Bates et al. [22] proposed a diffusion mechanism where,
upon heating, the noble metal assumes a position on an inter-
stitial site in a solid with a high defect density. With continued
heating the silver segregates to the free surface where there is no
constraint on lattice sites for the noble metal impurities, and a
driving force for coalescence to reduce surface energy is present.
Silver has been shown to exhibit high diffusivity in other solids,
with a diffusion coefficient of 10771077 cm®s™! depending
on the location of the silver atom in the lattice (diffusion coeffi-
cients for intersititials are typically 2 orders of magnitude greater
than for substitutional atoms). Assuming a low estimate of the
diffusion coefficient for silver in YSZ, (1077 em? s”i), a silver
atom would travel approximately 1 pmin 15 minal 500 “C. The

20um

Fig. 9. Scanning electron micrograph of the YS3Z-17%Ag~10%Mo coaling sur-
face after heating to 700 °C for approximately 2 h.
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() 2pm

Fig, 10, Scanning electron {a) cross-sectional micrograph and (b) surface micro-
graph of the Y57-24% Ag-10% Mo coating after heating to 500 °C.

plasma deposited YSZ used in this work is intrinsicaily a highly
defected material with a Jarge grain boundary surface area due
to its nanocrystalline structure [ 103, It therefore seems reason-
able for enhanced solid state diffusion of silver to take place in

20pm

the zirconia, allowing for rapid coalescence on the swrface in
response to heating.

4.2, Y8Z-Mo coatings

The friciion coefficient was high for all YSZ~-Mo coatings at
roomm lemperature, which was most likely due to cracks formed
in the coating during processing., as shown in Fig. Sa and ¢. The
{riction coefficient also mcereased with temperature which cor-
responded to the morphological evolution of the film surfaces
during heating illustrated by Fig. 4b and d, where disruption
of the coating surface increased with temperature. Cracks in
the as-deposited films were most likely the result of subsur-
face pesting, or formation of MoO4 in cither the vapor phase
[32.381 or selid phase [39] during coating deposition and heat-
ing. For the YSZ~9%Mo coating with the lowest molybdenum
content, formation of MoO3 was limited al high temperature,
which minimized crack formation at the surface, but was suffi-
cient to provide enough of the soft phase to allow easy shear in
the wear contact and reduce friction (Figs. 4 and 6),

In previous research. it has been reported that crystaliization
of YSZ was inhibited by the presence of molybdenum metal
401, where the degree of grain growth suppression was propor-
ticnal to the molybdenum content. However, significant ZrO»
grain growth was observed in this work for YSZ coatings con-
taining 9-22 atomic percent molybdenum, demonstrated by the
sharpened Zr0y peaks [41] after heating to 700°C (Fig. 7b).
Maintenance of the nanocrystalline zirconia phase is required
for preserving the mechanical and tribological properties of
nanostructured coatings over extended periods of time at high
iemperature, and over many temperature cycies. The possibil-
ity of the YS7 crystal growth inhibition with metal doping will
therefore be investigated further in future research.

4.3, YSZ-Ag—10%Mo coatings
The YSZ-Ag—10%Mo coatings containing 17% silver or tess

demonstrated high friction at 3007C and over, white those with
24% silver, exhibited a stable [riction coefficient of 0.4 against

20pm

Fig. 11. Scanning electron micrograph of Lhe wear track of the YSZ-24% Ag-10%Mo coating after 1000 cycles at (2) 3007C and (b) 700°C.

17
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silicon nitride at all temperatures. For comparison, the friction
coefficient for silicon nitride on silicon nitride sliding in air has
been reported to be 0.5-0.7 throughout the same temperature
range [32,42].

heating

()

wear

<500 °C - Ag
>500 °C - MoQ,

()

Fig. 12, Schematic of the proposed adaptation mechanisms resuiting i labrica-
tion throughout a broad range of temperatures Hlustrating: (a) the as-deposited
coating is subjected 1o heating, with diftusion of silver to the surface, resulting
in (b) a continuous protective layer of silver, providing lubrication up to 306°C
and inhibiting Mo oxidation until (¢} wear opens the protective layer fo expose
Mo, which forms molybdenum-based compounds to provide lubrication above
300°C.

18
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Figs. ?b. 9 and 10b show that the surface morphology of
the YS$7Z~-Ag and YSZ-Ap-10%Mo coatings after heating io
500 °C were strongly dependent on composition. The mecha-
nism described for segregation of silver to the coating surface
for the YSZ~Ag coatings, is assumed to valid for YSZ-Ag-Mo
composites as well, however surface coverage by silver was only
continuous in the YSZ-24%Ag~Mo coating. It is expected that
diffusivity of sitver was dependent on both silver concentration
{17] and the microstructure of the medium through which it
diffused. The YSZ-24%Ag-10%Mo coating not only contains
more silver, but has been shown to have a higher defect density
due the increased total metal content (Ag and Mo), and thus
exhibited higher diffusivity and complete silver coverage on the
surface.

Both YSZ-Ag-10%Mo coatings alse demonstrated an
accumnulation of silver grains at the surface. . The coating with
17% silver had discontinuocus silver coverage, while the coating
with 24% silver demonstrated a continuous layer of silver
after heating. Coalings with a discontinuous silver layer as
shown in Fig. 9 had blisters and cracks associated with MoOj3
formation, similar to those shown for the Y S$Z-9%Mo coatings
heated to 700 °C (Fig. 3b). For coatings with a confinuous layer
of Ag. no evidence of cracking was cbserved after heating
(Fig. 10a-b). This is lHkely because the coniinuous silver
layer served not only as a lubricant, but also as a profective
layer for the YSZ-Mo coating remaining underneath. Acting
as an oxygen diffusion barrier, this layer inhibiled excessive
molybdenum oxidation, which led to cracking in the other
coatings with less silver. Silver alone however, was demon-
strated as an ineffective jubricant over 300°C here (Fig. 1),
and in other works {16.18], therefore, an additional lubrica-
tion mechanism must have been dctivated at high tempera-
ture,

Molybdenum trioxide, a high temperature lubricant
[27,29-31], formed on the wear track surface exposed to
air at high temperature (<500°C) after the silver was worn
or pushed away. Silver molybdates could also have formed
[29], but the presence of such compounds was beyond the
detection limits of the materials characterization tools used
here.

A schematic of the proposed adaptive mechanisms is pre-
sented in Fig, 12, Upon heating, silver diffused and coalesced
on the coating surface. If enough silver was present in the
coating, a continuous silver layer formed (Fig. 12b), This
layer minimized the exposure of molybdenum in the YSZ-Mo
composite to ambient oxygen, thus inhibiting gross oxidation
and subsequent MoOa grain growth leading to cracking, as
depicted in Fig. 4 b and d. The silver layer also provided
lubrication up to 500 °C. At higher temperatures, the silver was
pushed away from the contact, thereby exposing the molyb-
denum in the composite to oxygen, and permitting controlled
formation of MoQs, or other lubricious oxide compounds
(Fig. 12¢) exclusively in the wear track. These mechanisms of
metal diffusion, surface encapsulation and oxide formation by
interactions with the ambient atmosphere can be employed 1o
design coatings to provide low friction over a broad temperature
range.
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5. Conclusions

Yitria-stabilized zirconia nanccomposites with sifver and
molybdenum were investigated for use as weat-resistant materi-
als in sliding applications between 25-70G°C. Silver lubricated
the hard YSZ surface at room temperature, and diffused to the
surface of the composite material when heated to function as a
Tubricant up to 500 7C. Molybdetum was a poor lubricant below
500°C, however, YSZ-Mo composiles exhibited moderately
low friction at 700 °C. Cracking of the as-deposited Y5Z-Mo
coalings was observed. which worsened with beating, Incorpo-
rating & sufficient quantity of silverin a YSZ-Ag-Mo composite
to form a continuous silver layer upon heating resulted in a
material that exhibited a friction coefficient of <04 at ali temper-
atures between 25 and 700 °C, with no apparent cracking of the
coating. A surface adaptation mechanism for lubrication from
25-700°C was proposed. with noble metal diffusion forming a
lubricating protective barrier at low and moderate temperatures,
and surface chemical reactions with the ambieat environment in
the wear track at higher temperatures.
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Abhstract

Nanocomposite Y SZ-Ag--Mo-MaS, coatings with different MoS; additions (0100 at9%%) were deposited with a hybrid pulsed inser/
magnetron sputtering/filtered cathodic arc process. Wear testing was performed from 25 fo 700 °C for each of the coatings. Electron microscopy
and other characterization fechniques were used to examine the surfaces and wear fracks of the coatings and to determine the mechanisms resulting
in the measured tribological properties. Adaptive coatings containing & at.% MoS8, demonstrated a friction coefficient of 0.2 throughout the
temperature range examined here, compared to 0.4 for YSZ-Ag—Mo with no MeS,. Characterization of the YSZ-Ag—Mo—8% MoS; coating
revealed that MoS, and silver provided lubrication at temperatutes < 300 °C, whike siiver molybdate phases and MoO, were effective lubricants at
higher temperatures. Silver molybdate was not observed in the coatings containing 6% MoSa, The role of sulfur in the formation of sitver
molybdate is briefly discussed.
© 2006 Elsevier BV, All rights reserved,

Keywords: Adaptive coating: High temperature; Molybdenum disulfide; Tribology

1. Introduction coatings incorporating metals in a nanoerystalline/amorphous
vitria-stabilized zirconia (Y SZ) matrix was recently designed to
A broad range of environnmental condifions are associated provide tow friction from 25 to 706 °C [16- 12}, These coatings
with hypersonic flight and other advanced aerospace applica- incorporated soft noble metals for lubrication at low to moderate
tions, Presently, no lubrigant is available to provide low friction temperatures (<500 °C) {4-12], and transition metals expected
from takeoff to landing in high-performance flights of this = to form lubricous oxides at higher temperatures in aw [13-13]
nature, as opposite extremes of humidity, loading and tempe-  For example, a YSZ-Ag-Mo nanocomposite adaptive coating
rature are reached over a single flight cycle. Adaptive nano-  provides lubrication by forming a silver rich surface at 300--
composites, also knewn as “chameleon coatings”, are a class 500 °C, and Mo®O; at temperatures above 300 °C, resuiting m a
of materials that automatically adjust surface composition friction coefficient of <04 from 25 to 700 °C [9] Silver
and structure to minimize friction as the ambient environment  molybdate compounds, yielding a friction coefficient of = 0.2,
changes, and may provide the propertics necessary to reduce were expected to form when the YSZ—-Ag-~Mo coatings were
downtime for acrospace systems subjected to repeated atmo- heated to 500 °C or higher [16,17], however, no such com-
spheric cycling, Adaptation results from the transformation pounds were detected. In the current work, YSZ~Ag-Mo
of amorphous and nanocrystalline mclusions into fubricious nanocomposite coatings with MoS; naneinclusions were grown
macro-phases in the friction contact whon exposed to changes in to reduce friction at fow temperature and to promote silver-
the ambient eavironment. Effective humidity and load adap- molybdenum reactions. Coatings with different amounts of
tation have been reparied previously, however, adaptation 1o Mo§, were subjected to wear testing at 25700 °C. The surfaces
temperature is still under development [1-31. A serfes of  and wear tracks of the coatings were analyzed and compared to
Y§Z~Ag-Mo (0% MoS,) and pure MoS, coatings afler testing
"% Corresponding author. Tel.c +1 937 255 5163; fax: +1 937 255 2176, at clevated temperstures to identify the operative lubrication
E-mail address: chris.muraiore@wypafb afmif (C. Muratore). mechanisms.
0257-8972/% - see front matter © 2006 Eisevier B.V. All rights reserved.
doi: 101016/ surleoat. 2006.08.014
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2. Experimental procedure

Coatings composed of yiiria stabilized zivconia (YS5Z), sitver,
molybdenum and different concentrations of molybdenum
disulfide were deposited with a hybrid filtered vacuum are/
pulsed laser/magnetron sputtering technique [18-20], with
deposition conditions similar to those described previously
[18]. Briefly. the filtered vacuum arc source was fitied with a
titantum cathode and used to clean the substrates with metal ons
and to deposit a 30 nm Tt adhesion layer. YSZ and MoS, were
deposited by pulsed excimer laser ablation of a segmented 3 om
diameter disk for all composite coatings. The number and size of
the segments comprising the disk were varied to alter the fraction
of Mo3- confained in the coatings. Programmable mirrors were
used to direct the 25 ns, 800 mi laser pulses to random positions
on the surface of the rotating target. Silver and molybdenum
were incorporated into the materials via magnetron sputfering
from pure metal tarpets. The power density of the targets was
adjusted between 1 oand 3 W om 7 to maintain a constant
metal composition of approximately 20 at.% silver and 10 at.%
molybdenum. A pure MoS, coating was also deposited by
magnetron sputtering of a solid MoS; target in argon for
comparison with the nanocomposites. Substrates were dc blased
to - 150 V, and heated to 150 °C during coating growth. All
coatings were measured with a confact profilometer to be
approximately 2 wm thick (#1350 nm). The compositions of the
as-deposifed coatings were measured with X-ray photoclectron
spectroscopy {XPS) after sputter cleaning cach sample with
3000 eV Ar™ ions for 15 5.

Friction cocfficients in laboratory air {20--30% relative
humidity) were measured with a high tomperature ball-on-disc
tribometer using a 6.35 mm diameter silicon nitnde bail with a
I N foad. or approximately 0.7 GPa initial Hertzian stress. The
sliding speed was 0.2 ms ', with the disk rotating clockwise at
200 rpm for all tests, The thermocouple inside the tribometer
oven was calibrated before testing for each lemperature of
intercst with a separate thermocouple spot-welded to an un-
coated substrate, which was placed into the sample fest location
and heated without rotation. Wear tests were started after
coating samples were heated to the desired temperature (20~
25 minutes heating time) and allowed to equilibrate at the

was tested for 10,000 cycles or to failure (whichever came first}
at 25, 300, 5006 and 700 *C. A new coating sample was used for
cach wear test to observe the adaptive behavior from the as-
deposited condition. Coatings deposited on 4400 stee! sub-
strates were used for wear tests at 25 and 300 °C, M50 sub-
strates were selected for testing at 300 °C, and Inconel 718

Table 1

substrates were used for all 700 °C tests. The coefficients of
friction for each polished. uncoated subsirate were also mea-
sured to assist in the identification ot coating fatjure, which was
defined by a sharp increase in the friction coefficient, equal to or
greater than that of the uncoated substrate alone. Selected
samples were also tested for only 1000 cycles to allow exami-
nation of the wear track before coating failure. Upon complction
of the ball-on-disk tests, samples were immediately removed
from the furnace and allowed to cool naturally in air.

Wear tracks and surfeces on the worn samples were exa-
mined with scanning clectron microscopy (SEM), energy
dispersive spectroscopy {EIXS), glancing angle X-ray diffrac-
tion, XPS and micre-Raman spectroscopy to characterize
changes In surface structure and composition after testing at
different temperatures. Peaks in the Raman specira were
identified using data found in Ref {217 in addition to that
presented by Gulbinski et al. {171

3. Results

lable 1 lists the composition, friction ceefficient and cycles
te fatlure at temperatures between 25 and 700 °C for YSZ-20%
Ag-10% Mo coatings with different MoS; additions. The
YSZ-Ag-Mo coating (0% MoS8;) maintained a friction
coefficient of = 0.4 for all femperatures. Adding MoS; reduced
the coefficient of friction of the coating throughout the exa-
mined temperature range. The YSZ-Ag—-Mo coafing with 8 at.
% MoSs demonstrated a friction coefficient of less than 0.2 for
all temperatures. Coatings confaining more than § at.% MoS,
did not demonstrate the continuous nanocrystalling/amorphous
Y87 matrix associated with the composites containmg less
MoS.. and were therefore not considered in the present work.
Pure Mos- yielded a stgnificantly fower friction coefficient of
<1 at 25 apd 300 °C, but farfed within 100 cycles at tempor-
atures above 300 °C.

Fig. la--e show the morphological response of coatings with
different MoS» contents at moderate and high temperatures. The

300 °C, resulting from diffusion of sitver from the coating to
the surface as described previously {91 and shown in Fig. 1a.
Smearing of the silver layer, with a low shear strength at 300 °C
[5-7,11,22]. was obscrved in the wear track (Fig. la). Fig. 1b
shows that sitver was pushed out of the wear track under the ball
contact pressure at 700 “CL exposing the moelybdenum in the
undertying coating to air, and resulting in the formation of
lubricious molybdenum trioxide crystals, which were apparent
as faceted crystals adjacent to the smeared MoQj5 in the friction
contact [91. For the YSZ-Ag—Mo with 8 at.% MoS,, equiaxed

Average friction coefficients and cycles-to-failure for YSZ-Ag- Me coatings with different MoS, addittons

Atomic Friction coefficient

Cycles to failure

percent MoS,

25 °C 3o °C 546 “C 700 *C 25°C 60 °C 500 °C 706 *C
0 .4 0.3 0.4 0.4 > 10,060 = 10,00 4000 > 10,000
4 6.5 0.2 6.2 0.3 > 10.000 = 1,000 1606 1000
8 .2 0.1 G.2 0.2 > 10,000 ER LR 3000 5000
100 .04 .06 - > 10,000 » 13,000 = OG0 =100
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graing appeared to have grown on the coating surface, similar to sample tested at 300 °C, plastic deformation of a soft phase and
that observed for the ceatings with no MoS,, however, a stick- the presence of a darker, smeared phase at the surface of the
like phase was also spread homogenously among these grains wear track were apparent {Fig. 1¢). At 700 °C| a stick-like phase
away from the wear tracks (Fig. lc-d). In the wear track of the  with a different morphology than that in Fig. ¢ was observed

and 700 °C, respectively. The insets with bluck borders show the sutfaces away from the wear wacks, and the insets surrounded by white show a higher magnification
view of the highlighted wear track feature.
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on the coating surface away from the wear track (Fig. 1d). In the
wear track of the sample tested at 700 °C, deformed equiaxed
graing over faceted crystals were vistble. The pure MoS;
coating surface showed few featurcs at the surface after heating
to 300 °C (Fig. 1g), with smearing of the lubricous MoS, in the
wear track. At 700 °C, more pronounced crystal growth was
observed on the coating surface (Fig. 1D). In the wear track, the
substrate was visible under the failed coating.

Fig. 2{a—f) show glancing angic X-ray diffractograms for the
(a, b)Y 0, (c, d} 8, and (e, 1} 100 at.% MoS, coatings afier wear
testing at 300 and 700 °C for =60 min. Silver was the only
phase detected for the 0% MoS; coatings heated o any
temperature =300 °C (Fig. 2a-b). For the adaptive coatings
containing MoS. however, Ag.MoOy (PDF #08-0473) and
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Ag:Mo,0, (PDF # Z1-1339) silver molybdate phases and
MoO, phases (PDF #47-1320) were present after heating to
temperatures > 300 “C, as shown i Fig, 2d. X-ray diffraction of
the 100% MoS, coating heated to 3006 °C {Fig. 2¢) showed
broad MoS» peaks (PDF #37-1492). For the sample heated to
700 °C, the same MoS; peaks narrowed, and MoQ; peaks were
also detected on the sample surtace (Fig. 2f).

To identify the phases present in selected wear tracks, micro-
Raman spectroscopy was employed. Fig. 3a shows that the
crystals similar to those in the wear track of YS8Z-20% Ag-
10% Mo coating tested at 760 “C (Fig. 1b) were indecd MoO;
[21}. The Raman spectrum in Fig. 3b shows that the dark spots
observed In the YSZ-20% Ag-10% Mo--8% MoS; coating
heated to 300 =*C (Fig. 1¢) were composed of MoS, [21]. Fig. 3¢
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Fig. 2. Glancing incidence X-ray diffractograms of the {a-b) 0% MoS,, (c-d) 8% MoS,, and {e--f) 100% MoS, contings after wear testing at 300 and 700 °C,

respectively.
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Fig. 3. Raman spectra for the (2} 0% MoS, coating wsted at 700 °C and (b--¢) the 8% MoS, coating tested a1 300 and 700 °C, respectively. The inset micrograph shows a
feature simtlar to those the lagser was focused upon fo produce the comresponding spectra,

shows that the phase in the wear track for the 8% MoS; coating
heated to 700 *C consists of the same silver molybdate and
motybdenum trioxide phases detected by X-ray ditfraction on
the coating surface.

4, Discussion

Comparison of the adaptive nanocomposites with and
without Mo§, shows that the addition of MoS; to the YSZ~
Ag-Mo adaptive coatings reduced friction. Fig. lc coupled with
the Raman spectrum in Fig. 3b reveals that reduced friction at
moderate temperatures (<300 °C) results from MoS; fubrication
of an already lubricious sifver surface. At higher temperatures
however, it appears that MoS, facilitated the reaction of the Ag
and Mo in the coating with ambient oxygen to produce the
silver molybdate compounds Ag;MoO. and AgpMo,05. These
compounds only appeared in coatings containing MoS., and
were not found in the YSZ-20 Ag-10 Mo (0% MoS,) com-
posites studted here, nor in any other composition of YSZ-Ag~
Mo reported on previously [9,18]. Gulbinski et al. {17] reported
on the low friction coefficients of these compounds between
300 and 600 °C, which were comparable to those measured in
the present work, but with friction increasing at higher tempet-
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atures. The YSZ—Ag-Mo-MoS; coatings in the current work
probably maintained & low friction (<0.2} coefficient at higher
temperatures due to the formation of MoO; coupled with the
ather lubricious silver molybdate phases identified by Xeray
diffraction and Raman spectroscopy. The same MoO; phase
resulting from oxidation of the pure MoS, ceating did not,
however, yield the same low friction coefficient at 700 °C,
Faifure of MoS, at temperatures above 300 °C, is consistent
with reports that 306400 °C is the limit of MoS, as an effective
lubricant {22]. The wear lifetimes of coatings with MoS;
additions were also relatively short, however previous work
i23,24] has shown that alternating the 0% MeS, adaptive
coating with TiN diffusion barrier fayers in a multilayer stack
resulted in an order-of~-magnitude lifetime improvement. It is
expected that the coatings with MoS, additions will demon-
strate similar behavior.

While the exact mechanism leading fo formation of silver
moiybdate compounds in the presence of sulfur is not yet
entirely clear, Li et al, [25] have shown that heating of a Ag/S/
Mo systemn results in the reaction MoS,+Ag - AgMoS, upon
heating to temperatures abeve room temperature. In air, at
temperatures above 500 °C, it is likely that the sulfur was then
replaced with oxygen to form the molybdate [26]. Details of the
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mechanisms resulting in the uwifimate composition of the
coatings are currently being studied, however, it is suspected
that the stick-like phase observed on the surface of YSZ-Ag—
Mo—-MoS, coatings afier heating wag a by-product of silver
molybdate formation. Compositional analysis of these small
features may be useful for determining the silver molybdate
reaction pathway. '

5. Conclusions

Friction coefficients of YSZ~Ag~Mo adaptive nanocompo-
site coatings with different MoS, additions were measured from
235 o 700 °C, and corrclated to the composition and micro-
structural evelution of the coatings during testing. Adding 8%
MoS, to the YSZ--Ag—Mao coatings resulted in a decrease in the
friction coefficient from 0.4 to 0.2 from 25 to 700 °C. Lower
friction in the 25--300 °C temperature range resulted from MoS;
lubrication. At higher temperatures the MoS; additions did not
directly provide lubrication, but rather promoted the formation
of lubricicus silver molyhdate phases at the coating surface.
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Adaptive nanocomposite coatings provide low [riction in broad ranges of environmental conditions through the formation
of lubricious surfaces resulting from interactions with the ambient atmosphere. Designing adaptive coatings to withstand wear
through repeated thermal cycles is particularty difficult since most demonstrate irreversible changes i surface composition and
morphology. This permanent change in the condition of the surface limits the utility of adaptive coatings in applications where
thermal eyeling is expected. Moreover, some fubricatten mechanisms oceur over the entire coating surface 1in addition o the
arca experiencing wear, which results in a significant waste of lubricant, In an ¢ffort to increase the wear lifetime and move
toward thermal cycling capabilities of solid adaptive lubricants, & multilayer costing architecture incorporating iwo layers of
adaptive YSZ-Ag-Mo nanocomposife lubricant separated by & TiN diffusion barrier was produced, The multilayer coating
lasted over five times longer than a monolithic adaptive coaung of identical composition and total thickness for dry sliding
fests at 500 °C in air. Analysis of the structure and composition of the films after heating suggests directed. lateral diffusion of
fubricant beneath the diffusion bacrier toward the wear scar as a mechanism for the increased wear life of the multilayer

coating.

KEY WORDS: adaptive, coatings, high-temperalure, multilayers

i. Intreduction

Adaptive nanocomposites, also known as “‘chame-
feon coatings,” are a class of materials that automati-
cally adjust surface composition and structure to
minimize friction as the ambient environment changes
[1-51, The materials evoived from earlier works in
adaptive tribological materials [6.7]. Adaptation results
[rom amorphous and nanocrystalline inclusions that can
transform into lubricious macro-phases on the friction
surface when exposed to changes in temperature, rela-
tive humidity, and/cr wear. The “chameleon™ coatings
are designed in such a way that the lubrication mecha-
nisms of each phase are deminant in the friction contact
while exposed to the environment to which they were
well-suited. Af the same time, the composition and
structure of the subsurfuce matrix and other temporarily
dormant solid lubricant nano-inclusions are preserved.
Furthermore, nanocomposite tribological coatings have
an advantage tnn that their mechanical properties do not
follow the rule-of-mixtures behavior typically observed
for composites. Therefore, adding lubricious phases in
the nanocrystalline or amorphous form allows for

*I'o whom correspondence should be addressed.,
E-maik chris.muratore@wpalb.afimil

preservation of the high hardness of the composite, even

. as softer phases are incorporated mto a hard matrix

i1.8].

Yttria-stabilized zirconia {YSZ} is tough, hard and
thermally stable up to high temperatures, while nano-
crystalline additives can provide lubrication in different
temperature ranges and increase the toughness of the
YSZ without severely compromising its hardness [3,8]
Chameleon coatings consisting of various nanoinclu-
sions imbedded. in an amorphous YSZ-noble metal ma-
trix have demonstrated low friction coefficients at
elevated temperatures resulting from noble metal diffu-
sion to the coating surface {2.4,9]. Recent in-situ TEM
studies of ¥Y8Z-Au nanocomposites during healing
showed that the noble metal diffusion process is
accompanied by coalescence at the susface [10]. From
work on powder-based and other types of composites, it
is known that sifver is an effective lubricant up to mod-
erately high temperatures i11-16]. YSZ-Mo composites
showed moderately low friction above 500 °C {9] due to
the formation of lubricious molybdenum-based com-
pounds at high-temperature in air, similar to that shown
by other researchers [17-21]. Examination of YSZ -Ag-
Mo nanocomposites tested {Tom 25 to 700 °C revealed
both the noble metal and the soft oxide lubrication

1023-8883/06/ 1 200020110 @ 2006 Springer SciencetBusingss Medin, Inc.
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mechanisms operating at the appropriate temperature,
resulting in moderately low friction [rom 25-706 °C [9]

These mechanisms were explored lurther in this
research as YSZ-Ag-Mao was incorporated in a mul-
tilayered architecture with two layers of aduptive
coating separated by a difflusion barrier. The top layer
was expected to behave in the same way as the
monclithic nanocomposites described in Refs. [2] and
9], with noble metal diffuston and soft oxide forma-
tion at the coating surfuce upon heating. The TiN
diffusion barrier was incorporated to prevent silver
diffusion and molybdenum oxidation i the lower
composite laver, until a [ree surface was created by
wear, as shown in figure 1. Once the diffusion barrier
was breached, it was expected that silver in the buried
composite should be drawn to diffuse both vertically
and horizontally through the matrix to the worn area.
Restricting silver transport to the wear scar with the
diffusion basrier. rather than permitting ancontrolied
diffusion to the entire coating surface, was expected 1o
increase couting Ife. It was also anticipated that the
multilayer coating architecture should allow the lower
layer of lubricant to remain homogeneous during
heating, as the top layer adapted by silver diffusion
and molybdenum oxidation in air. In this work, a
comparison of coating characlenzation and wear test
results for both monolithic and muitilayered YSZ- Ap--
Mo nanocomposite coatings 1s presented and discussed
to demonstrate the utility of the multilayer adaptive
nanocompaosite coating concept.

2. Experimental procedure

Monolithic and multilayered nanocomposite coatings
of vitria-stabilized =ircoma (YSZ) with siver and
molybdenum were deposited with a hybrid filtered vac-
uum arc/magnetron sputtering/pulsed laser deposition
technigue [22]. The details of the deposition process are
given elsewhere [8]. Briefly, a YSZ target was irradiated

C Muraiore et al [ Multilayered YSZ-Ag-Mo

with 800 mJ of pulsed laser energy at 30 Hz. The metal
fux was provided by two magaetrons. each fitted with a
silver or molvbdenum target. The M50 steel substrates
were heated 1o 130 7C and de biased to —130 V. A fil-
tered wvacuum are source was used to clean the sub-
strates, deposit a thin { <100 am} tianium adhesion
layer plus a Ti/YSZ graded layer at the mterfaces for all
films, and to reactively deposit u =100 nm thick TiN
diffusion barrier faver between two | micron thick lavers
of YSZ-Ag-Mo for the multiluyer coatings. A thin
{ < 100 nm) sitverjmolybdenum layer was deposited un-
der the TiN layer to direct the siver composition gra-
dient toward the substrate and to provide lubrication
upon imtial contact of the bail with the material under
the diffusion basrrier during wear testing.

The YSZ-based composite layers were examined after
deposition using x-ray photoelectron  spectroscopy
{XP8}, and were found to contain 24% silver and 10%
Mo in the monolithic and multlayer coatings. A focused
ion beam (FIB). fransmission eclectron microscope
{TEM), and scanning electron microscope (SEM) were
used to characterize the coating cross-sections after
heating. Electron dispersive spectroscopy (EDS) was
also used 10 map the different cross-sectional composi-
tions, A platinum film was deposited over the sampies
prior to cutting with the FIB to preserve the original
surfaces during preparation of the cross-sections.

The friction coefficient of the coatings in air (40%
refative humidity) at 500 °C was measured with a high
temperature ball-on-disc tribometer with a 6.35 mm
diameter stlicon nitride ball under a 1 N load. The
shiding rate was 0.2 m s, with the disk rotating at
200 rpm for all tests. The tribometer apparatus was set
up at room temperature, with the loaded silicon nitride
ball in contact with the sample prior to heating. The
coating surface was heated to 300 °C in 15 min, and
allowed to equilibrate for 5 min before the sliding test
was initiated. All coatings were tested to failure, as de-
tected by an abrupt increase in the friction coeflicient.

substrate

substrate

Figure 1. Schematics of the {a) as-deposited multifayer coating zod {b) the anticipated response of the coating during high-lemperature wear
testing.
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N~
1 um

Figure 2. Cross-sectional scanning electron micrograph of the mono-
tithic YSZ~Ag-Mo coating afler wear testing at 500 °C,

The wear tracks were examined in an SEM lollowing the
wedr tests,

3. Results
3.1, Monolithic YSZ~Ag-Mo nanocompoesite coatings

The monolithic YSZ-24%Ag-10%Mo coating was
initlally 1.1 microns thick. After heating to 500 °C for

2um
Figure 3. Scanning electron micrograph of the monolithic YSZ-
Ag-Mo coating surfuce alter heating to 500 °C.

203

1.5 h, a diffused Ag layer was observed above the
remaining YSZ-Mo layer, as shown in figure 2. Com-
posittonal mapping by EDS was used to determine the
chemical make-up of the layers. Figure 3 shows a top
view of the coating surface illustrating the morphology
of the continuous silver layer after heating. XPS, EDS
and X-ray diffraction confirmed that the surface con-
sisted of a continuous layer of silver that diffused 1o the

faver maintained its original thickness of [.1 microns,
while the silver laver added to the total coaling
thickness.

A 2 micron thick monolithic YSZ-Ag-Mo sample
{thicker than that pictured in Figure 2. but of identical
composition and architecture) was subjected to wear
testing at 500 °C. The film exhibited & friction coeflicient
of =04 for approximately 4,000 cycles before failure,
Figures 4((a)(b)) show electron micrographs of a
region near the edge of a wear track after testing at
500 °C prior to coating failure. EDS compositional
mapping revealed that the smeared regions and most of
the surface in contact with the ball were composed of
silver, as shown figure 4(b).

3.2, Multilayered (YSZ-Ag-Mo)-TiIN-{ YSZ-Ag-Mo}
nanocomposite coating

Figure 5 shows a cross-sectional micrograph of the
multilayered coating after heating o 300 *C for over
two hours. The surface of the multilayer coating was
very similar o that observed for the wmonolithic
coating shown in figure 3, with the silver migrating to
form a continvous layer at the coating surface. leaving
behind a YSZ Mo laver with only a trace amount of
silver. The YSZ-Ag-Mo layer under the TiN diffusion
barrier, however, remained homogeneous as shown by
the EDDS composition maps of Zr, Ag, Mo and Ti n
figures 6((a)-(d}). '

The friction coefficient for both monoelithic and
multilayered coatings at 300 °C is shown in figure 7.
The monolithic coating provided lubrication for about
4000 cycles. In contrast, the multilayer coating
maintained an average friction coefficient of less than
0.4 for over 25.000 cycles. Figure 8 shows a sectien of
a wear (rack in a maultilayered coating sample after
faifure at 300 *C. This region of the wear track pro-
vided a cross-sectional view of different layers after
testing, with the inset illustrating the position of the
numbered layers relative to the film surface. Distinct
differences in the surface morphology and compaosition
of the layers comprising the films were apparent.
Layer 1 (at the surface) and layer 3 (benecath the
diffusion barrier) were similar in terms of morphology
and composition, with silver coalescing Lo the surface
in both lavers.
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100um 20um

Figure 4. Scanning efectron micrographs of (a) the entire wear track from the monolithic coating tested at 500 *C and (b} the edge of the wear
track.

i monoiithic
1.0 Y82-Ag-Mo fiim
- L (<8000 cycles)
5 0.8~ ¢
8 '
&£
2 06 Y8Z-Ag-Mo
g multifayer film
L 044 (>25000 cycles)
0.2
0.0

0 5060 1000C 15000 20600 25600
number of cycles

Figure 7. Friction traces For the monolithic and multitayer contmpgs at
300 °C i air,

Figure 5. Transmission electron micrograph of the multilayer conting
cross section alter healing to 300 “C.

v

b ———————,
Fersmbrebe—.

1um 1um 1 um 1 um

Figure 6. Energy dispersive spectromelty composition maps for (a) sifver, {b) mwolybdecum, (¢} zirconium, and (d) Gtaniunm.
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4, Discussion
4.1, Monolithic nanecomposite coating

The monelithic YSZ-Ag-Mo coatings and the
mechanisms leading to low friction at elevated temper-
atures have been discussed in detail previousiy [9]. To
sumnmarize, sitver diffuses readily in YSZ 1o the free
surface, and is an effective solid lubricant af tower and
moderate temperasures, while MoOs, and other lubri-
cious compounds form when exposed to air at temper-
atures  over 300 °C.  YSZ-Ag-Mo  composites
demonstrated moderately low friction from 25-700 °C,
however, at 5060 °C, the monolithic YSZ-Ag-Mo com-
posite exhibited a short lifetime when subjected to slid-
ing wear {figure 7). At this temperature, a significant
fraction of the silver in the composite diffused to the
surface of the disk before the wear test began [91. The
lifetime of the lubricating silver layer was short due to
excessive softening of the surface at a high fraction of its
melting point [11,23], and the lack of lubricant supply to
the worn area, Additionally, lubrication by MoO; for-
mation was likely to be limited, since 500 °C is the lower
limit at which Mo oxidation reactions occur in air
{20,241, Also, the residual YSZ-Mo coating became
porous with the silver removed (figure 5) after one
thermal cycle, resulting in an irreversible change in
morphology and degradation of the mechanical prop-
erties after of the coating after heating.

4.2, Mulrilayered nanocomposite coating

A most critical factor coniributing to the increased
wear life of the multilayered coating was the controlled

10um

Figure 8. Scanning electron micrograph of & seclion of & wear track in the multilayer coating after failure. The numbers 1-4 correspond o the

numbered layers in the inset (o illustrate the topography of the micrograph as follows: L-surface layer of diffused silver; 2-YSZ~Mo layer above
TiN layer with some diffused sitver; 3-YSZ~Mo-Ag laver under the diffusion barrier with a surface layer of diffused silver; 4-substrate,

release of silver from the lower layer of adaptive com-
posite after the first Jayer was worn through, as sug-
gested in figure 1. Diffusion of the silver from the upper
YSZ-Ag-Mo layer at 500 °C was fast enough to cover
the surface before the wear test started {9], providing a
lubricious and protective silver layer on the surface of a
porous YS3Z-Mo composite. Once the silver was
depleted, the ball had no lubrication on the weakened
Y57 Mo, However, the multilayer architecture pro-
vided a fresh laver of nanocomposiie after the TiN dif-
fusion barrier was worn through. The release of silver
from Lhe buried layer of composite material was initi-
ated only after the ball created a {ree surface at this layer
in the wear scar, which triggered silver diffusion lateraily
toward the wear track., Lateral diffusion of the silver
from within the lower composite layer to the wear track
area, which was small compared to the total surface area
of the coating, resulted in a longer-lasting supply of
silver lubricant, thereby contributing to the longer life-
time of the multifayer composite. The results demon-
strate the benefit of the multiiayer nanocomposite design
for longer lasting lubrication in a broad range of tem-
peratures, Also, the muitilayer structure should be use-
ful for applications requiring thermal cycling, which will
be expiored in future research, '

5. Conclusions

A conceptual schematic for a multilayer nanocom-
posite coating was suggested, where adaptive nano-
composite materials are sealed under a diffusion barrier
laver to force lubricant to diffuse laterally to the wear
scar and to proiect layers under the barrier from the
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environment., As an example, two layers of YSZ-Ag-
Mo adaptive sanocomposites were separated by a TiN
diffusion barrier fayer in a multilayer coating architee-
ture. The multilayer coatings demonstrated a marked
increase in wear life when compared to a monolithic
coating of the same total thickness and adaptive nano-
composite composition. Titanium nitride functioned as
an effective diffusion barrier between layers of adaptive
coating material, and preserved the homogeneity of the
layer unexposed to air at high temperature, The
increased wear life was attributed to the channeling of
solid jubricants laterally under the diffusion barrier layer
to exposed wear areas, rather than to the entire coating
surface. Further study is needed to optimize the coating

architectures and compositions for maximum wear
*resistance and minimum friction, however, the principle
of preserving adaptive layers under a diffusion barrier
and lateral lubricant diffusion fo reduce wear rate was
demonstrated in this work.
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Abstract

Adaptive nanocomposite coatings that demonstrate fow friction throughout broad ranges of temperature, wear, humidity and other
environments are currently in development, One effective temperamire adaptation mechanism at temperatures £ 500 °C is diffusion of noble metal
to the coating surface, providing a low shear strength interface at the friction contact supported by a hard surface undemsath. To prolong the wear
lifetime of chameleon coatings relying upon this mechanism for low friction, a coating architecture incorporating a diffusion barrier mask to
inhibit nobie metal diffusion was employed. The diffusion barrier-capped coating provided fubrication at 300 °C over ten times longer than the
manelithic yttria-stabilized zirconia- silver-molybdenum coating of the same thickness witheut failure, Characterization of coatings after heating
with surface analysis and microscopy techniques revealed the mechanism for inereased coating life, and allowed for measurement of silver self-

diffusion parameters in the adaptive nanocomposite material.
@ 2006 Elsevier B.V. Al rights reserved.

Keywaords: Adaptive coatings; Nanocomposite; Titanium anitride; Tribology

1. Introduction

Adaptive nanocomposites, also known as “chameleon coat-
ings,” are a class of materials that aulomatically adjust surface
composition and structure to minimize triction as the ambient
environment changes {151 Adaptation resulis from amor-
phous and nanocrystalline inclusions that can transform into
fubricious macro-phases on the friction contact surface when
exposed to changes in temperature, relative humidity, and/or
wear. A series of adaptive coatings incorporating metals in a
nanocrystalline/amorphous  ytiria-stabilized zirconia (Y S57)
matrix were designed especially for use as solid lubricants
from 25700 °C, These coatings incorporated soft noble metals
for lubrication at low and moderate temperatures, and cother
transition metals known to form lubricous oxides at higher
_temperatures, A YSZ-Ag-Mo coating, which provides lubri-
cation by forming a silver rich surface at 300--500 °C, and a

* Corresponding author,
E-tnaril address: chris.muratorei@wpalb afmil {C. Muratore).

0040-6080/% - see from matier © 2006 Elsevier B.V. All rights reserved.
doit 10, 0164150 2006.09.051

MoQ; surface at temperatures above 500 °C, was selected for
the present work.

While the adaptive lubrication mechanisms are effective in
reducing the friction of pure Y387 coatings from =0.8 0 0.2
12,6], the coating lifetime is generally limited to 10,000 cycles or
less. One reason for the relatively short lifetime is the homo-
geneous diffusion of silver or goid to the entire coating surface,
iflustrated in Fig. la and b. The coatings are produced in a
metastable condition, by forced co-deposition of metal and
crystalline YSZ at substraie temperatures of 150 °C. As-
deposited, these nanocomposite coatings have noble metal
atoms distributed in a YSZ matrix, as etther dispersed atoms or
nanoinciusions in distorted YSZ nanocrystals or amarphous
YSZ regions. Heating activates metal diffusion out of highly
strained sites in the ¥ SZ matrix to the open surface, where metal
grain nucleation and growth is thermodynamically driven by the
reduction of system potential and surface energy. Upon heating,
the noble metal rapidly distributes itself over the entire surface,
as the coating bulk becomes depleted in lubricious metal phases,
While the depletion of the metal from the composite matrix to the
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300 nim TIN
with random

C) /pinhoie array

substrate

heating heating

10 pm

%

Fig. 1. Schematic of {a) the monolithic adaptive coating, and (b} is response (o
heating. The pinholes in the as-deposited TiN-Y 87~ Ap-Mo coating {2} should
allow for control of sibver migration to the coating surface upon heating (d).

surface is essential for chameleon adaptive behavior, the con-
trolied restriction of diffusion is needed to extend the coating
service life.

Transition metal nitrides are documented as effective dif-
fusion barrier materials for noble metals [7--9]. Tt was presumed
that a TiN barrier layer with a random array of pinholes could be
coupled with an adaptive coating tayer (Fig. 1¢) o limit lu-
bricant transpozt to the coating surface only through those holes
(Fig. 1d), thus reducing the rate of lubricant depletion in the
adaptive coating layer and prolonging the life of the coating
during sliding wear at clevated femperatures. A YSZ-Ag-Mo 60 pm
coating design incorporating a TiN surface “mask” layer was

Ar substrate carousel

pulsed laser

“%#
g

focusing
lens

magnetron 2
ith Ag target

magnetron 1
with Mo {arget

o downstream pregsure
control and pump system

DY
filtered arc source
with Ti target

60 pm

Fig, 3. Scannmg electron micrographs of the as-deposited coatings: (a)

Fig. 2. Schematic of the hybrid filtered vacuum are/magnetron sputtering/pulsed manelithic YSZ—Ag--Ma, (b) monelithic TiN, and (&) TIN/YSZ-Ag-Mo.

fager deposition system.
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Fig, 4, Friction fraces of the three coatings in air at 500 *C.

used to test this concept in the current work. The TiN/YSZ-
Ag~Mo coating architecture also allowed for determination of
the diffusion rates and coefiicients of silver through the adaptive
coating mairix to the coating surface.

2. Experimental procedure

Coatings were deposited with a hybrid filtered vacuum are/
magnetron sputtering/pulsed laser deposition technigue [10.11]
. in a statniess steel chamber shown schematically in Fig. 2. For
" gach deposition, six | in. diameter M50 steel substrates were
degreased ultrasenicafly and loaded into the chamber. The
chamber was pumped with a 520 15~ ' turbomolecular pump to
a base pressure of 7x10 ® Pa or less. The substrates were
heated to 130 °C, then bombarded with energetic argon ions
(<800 eV} and metal ions (<630 ¢V) to clean the surface
before deposition, The metal jons were produced with a filtered

200 um

Fig. 5. Scamnning clectron micrograph of the TIN/YSZ- Ag-Mo wear track after
wear testing for 50,000 cycles at 500 °C.

arc plasma source fitted with a titanium cathode. Afier cleaning,
the titanium ion-based plasma was used to deposit a thin
(<80 nm) adhesion layer. Pulsed laser deposition (PLED) of YSZ
was then mitiated while operating the are source to produce a
=300 nm graded TVYSZ transition layer (o further promote
coating adhesion. The PLIY process employed a Kr¥ excimer
laser {24% nm) to deliver 800 ml, 25 ns wide UV pulses
(248 nm) at incrementally increasing puise frequencies from 2—
30 Hz 0 a § wt.% yttria-stabilized zirconta {YSZ) target, with
the substrates biased to — 150 V de and maintained at 150 °C,
Programumable mirrors were used to direct the laser to random
positions on the surface of the rotating, 5.0 cm diameter YSZ

60 um

8 um

Fig. 6. Scanning clectron micrographs of (a) the TINFYSZ-Ap--Mo coating
surface and (b) the surface of the monolithic adaptive coating after wesr testing
at 500 *C.
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target, The chamber was then filled with 1.6 Pa Ar {99.99%
pure) at a flow rate of 100 scem. The are source was turned off
and two magnetrons, each ftted with a 3.3 cm pure metal target
and configured as shown in Fig. 2, were used to add silver and
molybdenum to the YSZ. Afier depositing 1.1 pm of adaptive
Y S8Z-Ag-Mo nanocomposite material, a 300 nm TIN layer was
deposited by flowing 30 scom nitrogen into the chamber while
operating the filtered titanium arc plasma source. For this final
step, the uppermost magnetic field coil on the filtered arc source
was deliberately defocused to reduce the ion flux density and
energy to produce a TiN layer with the desired armay of
randomly dispersed holes. Monolithic Y8Z~Ag-Mo and TiN
coatings were also produced under the same applicable
conditions as those described above for comparison in sliding
friction. X-ray photoelectron spectroscopy (XPS) was uscd to

and 10 at.% Mo, XPS was also used to determine that the TiN
coatings were stoichiometric.

The as-deposited coatings were examined with electron
microscopy technigues, and then subjected to ball-on~dise wear
testing at 300 °C in air with 40% refative humidity. A 6,35 mm
silicon nitride ball with a | N load was used for all tests. The
sliding rate was =0.075 m s™', with the disk rotating at
approximately 75 mpm. The tribometer thermocouple was cali-
brated before testing with a separate thermoeouple spot-welded
to an uncoated M350 substrate that was heated without rotation,
Wear tests were starfed after the coating samples were heated to
the desired temperature (=20 min) and ailowed fo equilibrate
for 5 min. Upon completion of the ball-on-disk tests, samples
were immediately removed from the furnace and allowed to
cool in air. The coatings were examined again with electron
microscopy and X-ray energy dispersive spectroscopy, after
wear testing.

A scries of anncaling experiments were also performed o
better understand the adaptive fubrication mechanisms demon-
strated by the TIN/YSZ-Ag—Mo coating, Three different
samples were annealed for 45 min at 425, 500 and 575 °C. A

focused ion beam (FIB) along with scanning and transmission
electron microscopes (SEM and TEM) were used to produce
and examine cross sections of the coatings after heating [6,121

3. Results

Fig., 3a-¢ are scanning electron micrographs of the as-
deposited coatings. In Fig. 3a. the surface of the adaptive YSZ—
Ag—Mo coating is shown to have sub-micron clusters of siiver
and larger YSZ-Mo grains. X-ray diffraction and cross-
sectional fransmission electron microscopy revealed that the
coating consisted of an amorphous/nanocrystailine YSZ matnx
with nanocrystalline metal inclusions [10% Fig. 3b shows the
monolithic TiN coating with randomly dispersed holes on the
gurface. Fig. 3c shows the TiN/YSZ-Ap—-Mo coating, The
YSZ-Ag-Mo coating can be observed through the TiN holes,
which iooks similar to that shown in Fig. 3a.

Fig. 4 shows the friction behavior of each film in the ball-on-
disc tests at 500 *C. The menolithic adaptive coating demnon-
strated a steady state friction coefficient of 0.4 before faiture at
4500 cycles, as indicated by a sudden increase in the friction
cocfficient. The friction coefficient of the titanium nitride was
maintained at 0.5 for approximately 12,000 cycles before in-
creasing to 0.65, which s consistent with the {riction coefficient
observed for the uncoated M5S0 substrate at 500 °C under
similar conditions [6]. The TiN/YSZ-Ap-Mo coating did not
fail over the 50,000 cycles, and maintained a friction coefficient
of = 0.4. Micrographs of the TIN/YSZ~Ag-Mo wear track are
shown in Fig. 5. X-ray energy dispersive spectroscopy
measurements were used to find that the wear track was com-
posed of a tayer of silver smeared over the TiIN. A micrograph of
the heated TIN/Y 87 ~Ag-Meo surface away from the wear track
is shown in Fig. 6a. From the higher-magnification inset, it
appears that silver diffused out of the lower YSZ-Ag-Mo layer
through the holes in the TiN masking layer, whereas in the
monoelithic YSZ-Ag—Mo coating, the equiaxed grains of silver
were homogeneously distributed over the entire coating surface

Fig. 7. Scanning electron micrographs showing (a) the surface of the anncaled TiN/Y SZ - Ag- Mo coating after 45 min. The rectangle indicates the crosg-sectioned area
in {b). An XEDS map of a similar cross-section () shows that the silver diffused laterally lo the conting surface, out of the pinhole, leaving a clearly defined region

depleted in silver.

36



3642

425 °C

500 °C

O Muraiore et ol 7 Thive Solid Films 313 (2007) 3638 3043

575 °C
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Ifig. 8. Scanning electron micrographs of the TIN-YSZ-Ag-Mo coatings afler anncaling for 45 min at (a) 425 "C, (b} 300 °C, and (©) 575 °C.

(Fig. 6b). Several samples were subjected to a 12 h duration
wear tests, with a subsequent analysis by both Auger and XPS
techniques. This analysis confirmed that the surface of the
adaptive composife coating which was capped with a “holey”
TiN masking layer consisted of silver with some oxygen. Mea-
surement of the wear scar to defermine the wear rafe was
inconclusive since the total thickness of the coating increased
by an unknown amount because of sibver segregation to the
surface, as shown in Fig. 6a. The relatively low wear rate can be
predicted however, {rom the fact that XPS in the wear scar of the
TiIN/YSZ-Ag-Mo coating did not reveal any substrate ele-
menis, only sibver, fitanium, nitrogen and oxygen. Thus, 50,600
sliding cycles (or 5 km} were not enough to wear through the
total coating thickness. '

Another TIN/YSZ—Ag- Mo sample was heated to 500 °C in
the tribometer furnace and maintained at that tcmperature for
45 min to observe evolution of the surface morphology and
composition in the early stages of heating. Fig. 7a shows the
surface of the coating after annealing, The FIB was used to cut
out sections across the diameters of silver islands, as shown in
Fig. 7a and b. EDS composition maps were generated for afl of
the elements detected in the cross sections. Silver EDS maps
revealed that silver migrated upwards, from below the TiN layer
to the surface, leaving behind a section of YSZ-Mo coating
material (Fig, 7c).

Frem the micrograph in Fig. 7e, it was determined that a
silver atom had to travel an average min:mum distance of 6 um
from the border of the silver depleted region inside YSZ-Ag-
Mo layer indicaied on the figure. Based on this observation of
the diffusion controlled depletion length, the diffusivity (£} of
silver m YSZ at 500 °C was estimated to be 1 107 em ™!
assuming parabolic diffusion, where x= (06" It was also
observed that a 17 pm average silver island size corresponded
to an average depletion fength of 6 um. As-deposited samples

575 °C for 45 min fo observe the temperature dependence on
diffusion length, This somewhat narrow range of annealing
temperatures was selected to minimize the difference in

heating and cooling time. The time to heat to 425 °C was
approximately 135 min compared to = 20 min to heat to 375 °C.
The diffesion distance for the samples annealed at 423 and
575 °C were obtained by assuming a hinear relationship be-
tween the silver istand dizmeter and the length of the depleted
sitver zone beneath the TiN layver for each sample, proportional
to that observed for the sample annealed at 500 °C. Electron
micrographs of the surfaces of the coatings annealed at the
three different temperatures are shown in Fig. 8. The average
istand diameters were & mm for the sample heated to 425 °C
{(Fig. 8a}, and 26.5 nun for the sample heated to 375 °C
{Fig. 8¢) A log plot of the sifver migration rate squared versus
inverse temperature yielded a straight line shown in Fig. 9. The
migration rate was based on an average diameter of at least 10
Ag islands located at least 2 island diameters away from
neighboring istands for cach temperature, The data yielded an
estimated diffusion prefactor (D,} of 4.0% 107% em? 57" and
activation energy of 1.0 eV/atom for diffusion of silver in the
YS$Z-based nanocomposite material.

&

In [silver migration rate (um? b}

{ T i Y ¥

11 1.2 13 1.4 1.5
1000/T (°K'H)

Fig. 9. Arrhenius plot of the temperature dependent migration rate data. The tine
is u least sguared fit w the data.
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4, Biscussion

Noble metal diffusion from the YS7Z-based matrix to the
composite surface at temperatures 2 300 °C has been obseived
in several other works [2.4.6.12], and similar phenomena have
also heen reported in other composite materials [13.14]. The
migralion of silver to the surface at elevated temperatures is of
interest for tiibological applications, as silver demonstrates a
relatively low shear sirength, and can reduce the Iriction co-
efficient on hard surfaces during sliding wear [15,16]. The
monolithic YSZ-20Ag~10Mo coating in this work demon-
strated a friction coefficient of .4 at 500 °C, which has been
attributed to lubrication of the hard YSZ by silver [6]. The
lifetime of the wmonolithic coating was short compared to the
TiN-capped adaptive coating, because nearly all of the silver
diffused to the surface in approximately 435 min. Comparison of
the surface shown in Fig. 7a to that in Fig. 6b reveals that the
rate of Ag depletion in the TIN/YSZ-Ag-Mo coating was
substantially slower. as hoth samples were maintained at 500 °C
for the same amount of time.

While the rate of silver transport was reduced in the TiN
capped coating, Fig. 4 shows that the friction coefficient was
comparable to that observed in the monolithic coating with
rapid silver transport and compicte surfuce coverage. The
micrographs of the wear track i Fig. 5 indicate that silver was
distributed over the TIN surface. which showed fittle wear afier
the 50,000 cycle wear test at 500 °C. Nevertheless, 0.4 appears
to be the lower limit of friction coefficient for hard surfaces
lubricated by diffused silver. Adaptive composite materials
exhibiting Jower friction coefficients over a broad temperature
range demonstrate similar diffusion mechanisms {17], and will
be used in similar, future studies.

The Arrhenius plot shown in ¥ig. 9 suggests that diffusion
through pinholes in the diffusion barrier layer is the means by
which silver is supplied to the coating surface during heating,
Although the estimated diffusion prefactor and activation
energy were low compared to typical published values in the
literature for silver volume seif-diffusion in metal [18] or ce-
ramic mairices [19], the values were consistent with published
values for silver grain boundary self-diffusion {20,21] and for
seif~diffusion in amorphous materials [22]. Indeed, the refation-
ship of the diffusion prefactor to the activation energy was
consistent with that discussed by Naundorf et al. for seif-
diffusion of metals in an amorphous matrix [227. Moreover, the
relatively large surface and strain energies of the silver inelu-
siong, immiscible in the YSZ matrix, may have further contribu-
ted to rapid diffusion and coalescence of silver to the coating
surface {13].

5, Conclusions
An adaptive solid lubricant coating layer capped with 2

“holey” TiN layer demonstrated a lower friction coefficient and
wear rate than monolithic TiIN or adaptive coatings. The in-

creased wear life was attributed to the reduced depletion rate of
silver iubricant resulting from restricted flow through the holes
in the TiN, The friction cocflicient was tvpicat of soft nobie
metai tubrication of hard surfaces. The mechanism of silver
transport o the coating surface during heating was identified fo
be diffusion from the adaptive composite matrix o the free
surface of the coating. The architecture of the coating allowed
for a measurement of the ditfusion prefactor (D) and activation
energy for silver in nanocrystalline/amorphous YSZ, which
were 40210 T em® 57! and 1.0 eV/atom, respectively. These
vatues were attributed to the large number of defects in the YSZ
matrix in addition to the reduction in surface and strain energy
accompanied by migration to the surface,
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The use of polymer matrix composites in aerospace propulsion applications is currently limited by
insufficient resistance to erosion by abrasive media. Erosion resistant coatings may provide
necessary protection; however, adhesion to many high temperature polymer matrix composite
(PMC) materials is poor. A low pressure oxygen plasma treatment process was developed to
improve adhesion of CN, coatings to a carbon reinforced, fluorinated polymer matrix composite.
Fullerene-like CN, was selected as an erosion resistant coating for its high hardness-to-elastic
modulus ratio and elastic resilience which were expected to reduce erosion from media incident at
different angles (normal or glancing) relative to the surface. /n situ x-ray photoelectron spectroscopy
was used to evaluate the effect of the plasma treatment on surface chemistry, and electron
microscopy was used to identify changes in the surface morphology of the PMC substrate after
plasma exposure. The fluorine concentration at the surface was significantly reduced and the carbon
fibers were exposed after plasma treatment. CN, coatings were then deposited on oxygen treated
PMC substrates. Qualitative tests demonstrated that plasma treatment improved coating adhesion
resulting in an erosion resistance improvement of a factor of 2 compared to untreated coated
composite substrates. The combination of PMC pretreatment and coating with CN, reduced the
erosion rate by an order of magnitude for normally incident particles. © 2007 American Vacuum
Society. [DOL: 10.1116/1.2746049]

I. INTRODUCTION

Advanced polymer matrix composites (PMCs) are light-
weight and exhibit mechanical properties that meet or exceed
aerospace alloys in some applications;' however, their use in
propulsion applications such as air intake and compression in
jet engines or leading edges of rotor blades is currently lim-
ited by susceptibility to erosive wear.® Coating PMC parts
with a thin (5-100 um) layer of protective material may
allow the use of PMCs in components that are vulnerable to
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high-velocity sand or other particulate media carried in the
air. Such protective coatings should be hard in order to resist
microcuiting from media impinging at grazing angles, yet be
elastically or plastically compliant to absorb impact energy
to resist cracking and decohesion under direct particle im-
pacts normal to the surface.’

Fullerene-like carbon nitrde (CN,) is a material that has
demonstrated high hardness (15-30 GPa) and elasticity
(>80%), and therefore has potential for PMC erosion
protection.® Moreover, the coefficient of thermal expansion
(CTE) of fullerene-like CN,, with its high fraction of sp?

©2007 American Vacuum Society 843
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Fia. 1. Molecular structure of fluorinated polymide matrix of the composite
material.

bonding,®’ should demonstrate less CTE mismatch with a
PMC substrate than other metallic erosion resistant
coatings.® Matching the coating CTE to that of the substrate
is desirable, as it would expand the range of potential pro-
pulsion applications of PMCs to include those that operate at
both subzero and elevated tcmpcralurc&2

Erosion resistance is also dependent on adhesion of the
coating to the substrate.”!" The majority of protective ce-
ramic coatings currently in use were developed for metal
alloys and utilize mechanical interlocking of the coating with
the roughened workpiece surface.'? The relatively low yield
strength of the polymer matrix limits the utility of this ap-
proach for improving adhesion. Furthermore, many high-
temperature PMC materials are comprised of stiff fibers em-
bedded in a fluorinated polymer matrix. The fuorinated
polymer chemistry, combined with the resin-rich mold re-
lease agent-coated surface, severely inhibits coating
adhesion."* "’

To explore the effect of adhesion on the erosion resistance
of CN, coatings on the composite of interest (with the poly-
mer matrix molecule shown in Fig. 1), it was necessary to
introduce a predeposition treatment method. Exposure to low
pressure plasmas, or reactive species produced in a plasma,
is a well-documented technique for defluorinating and rough-
ening fluorinated polymer surfaces,'>!7 2 Generally these
treatments are performed by exposing the polymer to a re-
motely generated plasma produced away from the
\A/orkpiece‘l5'18‘19‘21~23 In the current work, midfrequency
pulsed power was applied directly to the PMC workpiece to
drive a pure oxygen dc glow discharge. CN, coatings were
grown on oxygen treated and untreated substrates, which
were then subjected to qualitative adhesion tests to determine
the effect of the plasma treatment. Erosion testing further
demonstrated the effectiveness of the substrate treatment
technique for improving coating adhesion in addition to the
erosive wear resistance associated with application of the
CN, coating material.

li. EXPERIMENTAL PROCEDURE

Figure 2 shows a schematic of the processing and charac-
terization chamber. The processing chamber was pumped to
a base pressure =4 X| 0~ Pa, then 40 SCCM of ultrahigh
purity oxygen or argon gas was admitted to the chamber. A
throttle valve was used to maintain a total pressure of 4 Pa as
measured with a low pressure capacitance manometer. The
power lead from an Advanced Energy Pinnacle Plus power
supply was connected to a 25.4 mm diameter X 4.0 mm thick
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TasLe L. Erosion test conditions.

Media 80 um Al O3 powder
Feed rate 2 g min™!
Gas pressure 80 psi

Sample position {0 mm from nozzle tip
50 s on/50 s off
Number of cycles 10

Total mass of erodent 16.7 ¢

Cycle description

PMC disk, which consisted of an electrically insulating flu-
orinated polyimide resin matrix reinforced with T650/35-3K
carbon fibers. The composite substrates were fabricated into
laminates with approximately 60% fiber volume using stan-
dard autoclave processing techniques and then waterjet ma-
chined into the disk geometry. Samples of PMC were biased
to =600 V (nominally) at 150 kHz with a 1 us reverse time
for a duration of 30-240 s. The PMC workpiece was sur-
rounded by a 20 mm thick PTFE holder to eliminate plasma
generation from any surface other than that intended for
treatment. A new polymer sample was used for each treat-
ment time investigated. An optical emission monitor was
used to measure the time-averaged spectra resulting from the
pulsed oxygen plasma approximately 1 cm above the cath-
ode surface.

After exposure to the plasma, the treated PMC was trans-
ferred to the x-ray photoelectron spectroscopy (XPS) analy-
sis chamber under vacuum (Fig. 2). The XPS system em-
ployed a magnesium anode and was used to analyze the
changes in surface chemistry of the PMC substrates after
each plasma treatment. Upon completion of the surface
analysis, samples were removed from the characterization
chamber and examined in the scanning electron microscope.
The contact angle of water was also measured on the surface
of treated and untreated PMC materials. Based on the results
from examination of treatment time on surface chemistry and
morphology, oxygen plasma exposure times {prior to CN,
coating deposition) of 0, 60, and 240 s were selected. Sub-
strates were treated under identical conditions for the differ-
ent times prior to the coating growth.

For CN, coating growth on plasma treated PMC samples,
oxygen was evacuated from the chamber and the applied
potential on the PMC substrate was adjusted to =70 V dc. A

&

rocessing chamber .
processing chambe surface analysis chamber

rotating graphite PLD PMC sample
target

laser focusing L -

lens \

Q\\ﬂ/\\
laser rastered lo / O./N
random locations on 2 vacuum
flow pumps

the target surface

FiG. 2. Schematic of the processing and surface analysis chambers.
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F1G. 3. Optical emission spectrum of the pulsed de oxygen plasma used for
pretreatment.

carbon interlayer was deposited by laser ablation from a ro-
tating graphite target for 1 min using 840 ml, 248 nm laser
pulses (Fig. 2). The 20 ns laser pulses were directed to ran-

dom positions and focused to an approximately 15
a) F 1s : untreated
F Auger y
O1s N1s CF\‘,“ ’9 c

) g —
g 604
€
&
’>‘. .
g 240 g
E

700 600 500 400 300 200
binding energy (eV)
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0 5 100 150
treatment time (s)

200 250

FiG. 4. (a) XPS spectra from the polymer matrix composite after exposure to
the oxygen plasma and processed data (b) showing the fluorine-to-carbon
peak intensity ratios from PMCs exposed to oxygen plasma.
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200pum

Fig, 5. Scanning electron micrographs of polymer matrix composite sur-
faces (a) as received, and after (b) 60 s and (c) 240 s of exposure to oxygen
plasma,

X 5.0 mm? spot on the 50 mm diameter target surface at a
repetition rate of 10 Hz. After the initial carbon layer depo-
sition, nitrogen was introduced at a flow rate of 27.5 SCCM
(SCCM denotes cubic centimeter per minute at STP), and the
system throttle valve adjusted to maintain a total chamber
pressure of 1,33 Pa. The laser continued to operate in the
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Fia. 6. (a) Micrographs of the treated and untreated polymer samples after
coating with CN,. (b} and (c) show higher magnification views of each
sample.

nitrogen atmosphere for 9 h to produce a CN, layer of ap-
proximately 5 pm thickness (£150 nm), as measured with.a
contact profilometer. These coating growth conditions were
consistent with those used in a previous study for the depo-
sition of hard and elastically resilient fullerene-like CN,.°

The coating surfaces were examined after deposition in
optical and electron microscopes and in the XPS. The me-
chanical properties of the CN, material were examined with
nanoindentation. Coatings deposited on treated and untreated
PMC substrates were subjected to scratch testing and
Daimler-Benz tests™ to qualitatively determine the effect of
treatment time on adhesion. Scratch tests were conducted
with a 0.2 mm radius diamond tip dragged with a constant
speed of 5 mm min~' on the coating surface. The applied
load was increased linearly up to 100 N at a rate of
50 N min~'. Daimler-Benz testing consisted of indentation at
60 and 150 kg with a diamond Rockwell C indenter. Both
adhesion tests were followed by examination in optical and
electron microscopes. Samples were also tested in a FALEX
erosion test unit with the conditions listed in Table 1. Erosion
testing was performed at incident angles of 40° and 90° rela-
tive to the surface of the test specimens at room temperature.
The wear scars on each sample were examined with a Wyco
white light interferometer to measure the wear volume after
erosion testing.
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lil. RESULTS

Figure 3 shows the optical emission spectrum from the
pure oxygen plasma generated with the midfrequency bipolar
pulsed PMC cathode. A large peak corresponding to atomic
oxygen was measured, as were peaks attributed to positively
charged atomic and molecular oxygen ions. Examination of
the surface composition by XPS immediately after process-
ing revealed decreased concentrations of fluorine and the loss
of the C—F; peak in the spectrum [Fig. 4(a)] after exposure
to the oxygen plasma. Figure 4(b) shows how the fluorine-
to-carbon ratios at the surface changed with treatment time.
The line shown in the figure is an exponential decay function
fit to the data. Substantial defluorination occurred after 60 s,
with only a small decrease after longer treatments.

Figure 5(a) is a scanning electron micrograph of as-
received PMC composite surface, where the carbon fibers
were coated with the fluorinated polymer matrix. The space
between fibers in the as-received polymer appeared to be
filled with rough, poorly adherent material exhibiting fiber/
matrix decohesion at the interface. After exposure to the oxy-
gen plasma for 60 s [Fig. 5(b)], the polymer was partially
etched ‘away, leaving some fiber surfaces exposed. The
pulsed oxygen plasma treatment reduced the number of to-
pographical features on the polymer matrix between fibers.
Increasing the plasma treatment time to 240 s [Fig. 5(c)]
resulted in complete exposure of the carbon fibers. The re-
maining polymer matrix had no evidence of any decohesion
along the matrix/fiber interface.

Water contact angles on the PMC surfaces were also ex-
amined. A 60 s treatment resulted in a reduction in contact
angle from 105° to 43°. This reduced contact angle was con-
sistent with both the changes in surface chemistry and mor-
phology, revealing a PMC surface with a higher surface en-
ergy and chemical reactivity after plasma treatment.

Micrographs of the coatings deposited on treated and un-
treated substrates are shown in Figs. 6(a)~6(c). The coating
deposited on the untreated substrate demonstrated periodic
delamination of the coating across the surface [Figs. 6(a) and
6(b)], while the substrates treated for 60 s or longer were
uniformly coated [Figs. 6(a) and 6(c)]. XPS of all coated
samples showed that the coating was composed of approxi-
mately 80 at. % carbon and 20 at. % nitrogen, independent
of the processing history of the substrate.

Nanoindentation was performed on the coated samples.
Results from nanoindentation tests of the coatings on un-
treated polymer substrates were difficult to interpret due to
excessive scatter in results between measurements; however,
coatings on treated substrates demonstrated repeatable mea-
surements of hardness at 19 GPa and an eclastic modulus of
approximately 120 GPa. The elasticity of the coating was
measured to be-approximately 75% for a 1000 nm displace-
ment (Fig. 7). These measurements were consistent with me-
chanical properties of fullerene-like CN, coatings.**

Figure 8 shows how the predeposition oxygen treatment
affected coating adhesion after severe substrate deformation.
As seen in Fig. 8(a), the coating showed extensive cracking
around the perimeter of the 150 g indent on the untreated
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H= 19 GPa
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Fii. 7. Load-displacement curve for the treated and coated PMC.

sample, while the edges remained intact for the samples
treated for (b) 60 and (c) 240 s. Examination of the scratch
tracks in Fig. 9 also showed differences in adhesion resulting
from plasma pretreatment of the substrates. The inset in Fig.
9(a) shows a low-magnification view of the scratch track in
the region loaded to approximately 10 N, with alternating
coated and uncoated regions at the bottom of the scratch. On
the treated substrate, the coating adhered throughout the
scratch. In Fig. 9(b), the scratch is shown where a 90 N load
was applied. Some cracking perpendicular to the scratch di-
rections is shown, but the coating still covers the substrate,
and appears to be fully adherent,

Table 11 lists the worn volume and erosion rates (in terms
of mass lost per gram of erodent) for the coated and uncoated
samples. The CN, coating coupled with the oxygen plasma
treatment yiclded an erosion rate that was roughly an order
of magnitude less than that measured for the PMC alone in
the normal incidence test, and a factor of 3 less for the glanc-
ing angle test. Samples that were coated without oxygen pre-
treatment had an erosion rate that was approximately twice
that of the treated and coated samples for both normal and
grazing angle erosion tests.

V. DISCUSSION

Driving an electrically insulating fluorinated polymer
workpiece with a midfrequency pulsed de power supply as a
plasma cathode in pure oxygen was a simple and effective
way to alter the structure and surface chemistry of the poly-
mer to improve coating adhesion compared to ion beam, rf
biasing, and other methods.'> #1927 The reactive oxygen
plasma generated with the pulsed dc PMC cathode produced
reactive neutral and ionized oxygen species, which altered
the surface chemistry and morphology of the PMC prior to
coating deposition in a manner consistent with that reported
by workers using other techniques. A frequency of 150 kHz
was selected as it was the minimum frequency required to
maintain a continuous glow discharge with power delivered
via the insulating polymer substrate. Driving the discharge
with dc power resulted in the loss of electrons at the insulat-
ing surface as the incident positive ions were neutralized by

JVST A - Vacuum, Surfaces, and Films

00 pm

Fi6. 8. Optical micrographs of 150 kg indents on coated samples (a) with no
pretreatment, (b) 60 s oxygen pretreatment and (¢) 240s oxygen
pretreatment.

electrons at the surface, thus reducing the voltage below that
required to sustain the discharge. As argued by Chapman,28
an overestimate of the time required to charge up the surface
can be compared to the time to charge up a capacitor, where

C=0/V=itlV,
thus t=CV/i.
charge voltage (=500-1000 V), and current (=1 mA/cm?),
the required frequency should be roughly 1 MHz. Lower fre-

quencies (5-500 kHz) are generally sufficient as the current
delivered to the insulator decreases as it charges up, unlike
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Fi6. 9. Electron micrographs of scratch tracks on the coated surfaces of the
(a) untreated and (b) 60 s treated PMC substrates.

the constant current model above. The PTFE holder was
much thicker and had different dielectric properties than the
PMC material and therefore did not produce a discharge at
150 kHz.

Coating adhesion was qualitatively shown to improve af-
ter exposure to the oxygen plasma via indentation, scratch
testing, and erosion testing. Rabinovich et al. describe how
cracking due to indentation [as shown in Fig. 8(a)] is related
to weak interfacial bonding,w The crack patterns in Figs.
9(a) and 9(b) are consistent with those described by Burnett
and Rickerby for scratch testing of slightly different coating/

J. Vac. Sci. Technol. A, Vol. 25, No. 4, Jul/Aug 2007

substrate systcms.30 They illustrated how spallation resulting
from total coating failure results in scratch tracks that look
like that shown in Fig. 9(a). Tensile cracking, which is char-
acterized by cracks that are normal and concave with respect
to the scratch direction rather than normal and convex as in
Fig. 9(b}, results from tensile bending moments within the
coating as it is pushed down underneath the indenter, and
occurs only when the coating is fully adherent. Last, the
erosion rate of the coated PMC decreased when the sample
was treated, consistent with reports found in the literature
relating coating adhesion to erosion resistance.”™""

CN, coatings deposited on oxygen plasma treated poly-
mer matrix composite substrates were hard, with a low
modulus, resulting in H/E ratio of 0.16, which is quite high
in comparison with typical ceramic wear protective
coatings,7 The erosion rate of the uncoated PMC was slightly
higher when the erodent media was incident on the surface at
40° compared to that measured when the media were di-
rected normal to the surface. Such dependence on the angle
of incidence is expected for a softer, polymer-based material.
For the coated PMC material, the erosion rates were signifi-
cantly reduced. Erosive wear from media directed at 90°
relative to the coated surface was suppressed more than that
directed at 40°, suggesting that the elastic properties of the
CN, coating made a stronger contribution to the protective
nature of the coating than the hardness. Deposition of adher-
ent CN, coatings substantially reduced the erosion rate of the
polymer, even though the 5 um coating was very thin com-
pared to those typically found in erosion resistant
app]icat,i(ms.z‘3 Typical thicknesses of erosion protective hard
coatings used on metal alloys in jet engines are on the order
of 100-1000 wm. A thicker CN, coating should provide an
increased capability for elastic damping of normal incidence
sand impacts and a longer scratch endurance of sand impacts
at oblique angles. The production of such thick coatings re-
quires modifications to the deposition process to increase the
CN, coating growth rates, which are currently in develop-
ment. The erosion performance of thicker CN, coatings and
coatings with different hardness-to-modulus ratios will be
evaluated in a future work.

V. CONCLUSIONS

Midfrequency pulsed power was applied directly to a
fluorinated polymer matrix composite workpiece in an oxy-
gen atmosphere to generate a reactive plasma and reduce the
surface fluorine concentration and remove loosely adhered
surface material. A CN, coating with a very high hardness-
to-modulus ratio of 0.16 with >75% elasticity was produced
by laser ablation of carbon in a nitrogen atmosphere. Inden-
tation, scratch, and erosion testing all showed that the adhe-
sion of CN, coatings deposited after oxygen plasma treat-
ment of the PMC substrate was improved when compared to
the same coatings deposited on the untreated PMC material.
Improvements in coating adhesion reduced the erosion rate
by a factor of 2 when compared to untreated, CN, coated
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TasLE 11, Erosion data for all samples.

40° incidence

90° incidence

Volume Erosion Volume Erosion
Substrate CN, loss rate loss rate
pretreatment coating (um) (em® < 10~%) (em? g™h) (em?® X 107%) (em? g™y
(None) (None) 1.20 0.07 1.00 0.06
(None) 5 0.34 0.02 0.70 0.04
oxygen plasma 5 0.18 0.01 0.36 0.02

PMC samples. Uncoated substrates wore approximately ten
times faster for normally incident abrasive particles com-
pared to the treated and coated samples,
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Abstract

Tribological coatings were developed to allow automatic reporting of remaining wear life while in use. Monitoring of coating health was achieved
by embedding sensor layers, known to produce distinctive luminescence spectra when exposed to laser illumination. throughout the thickness of a
solid lubricant coating. For the current work, erbium- and samarium-doped ytiria stabilized zirconia (YSZ) layers were used as sensor materials.
One sensor layer was placed approximately midway through a molybdenum disulfide coating and another was located at the coaling/substrate
interface. Placement of the luminescent coatings in these positions allowed detection of wear depth and provided a warning of impending coating
failure during testing. This smart coating concept is generally applicable to tribological coatings and can easily be implemented to safely increase
reliance upon protective materials subject to wear and other damage mechanisms. The soft MoS, coatings with the imbedded ceramic sensor
fayers also demonstrated long wear lives (200,000 cycles) in humid air compared to monolithic MoS; coatings (<10,000 cycles) with the same
thickness, microstructure, morphology and composition. The mechanism for the observed wear life increase was examined and discussed together

with the general use of embedded wear sensors in smart tribological coatings.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Smart coatings; Sliding wear; Molybdenum disulfide; Sensors ™

1. Introduction

Coating materials are used to prolong the lifetime, expand
the effective operating range and/or enhance the performance of
mechanical components and assemblies in diverse applications.
Specific examples are tribological coatings designed to reduce
friction and wear at interfaces between parts and thermal bar-
rier coatings (TBCs) used to provide thermal insulation to metal
turbine blades enabling them to operate in hotter gases thereby
increasing the turbine efficiency and powet. In situ monitoring
of coated systems to provide an indication of remaining coating
life and sufficient warning before failure would allow designers
to rely more heavily upon coating materials, thereby reducing
the degree of over-engineering and pre-mature replacement that
accompanies uncertainty about the condition of critical coated
parts. Employing sensors to indicate the extent of coating wear
would also assist researchers in developing new materials by pro-

* Corresponding author.
E-mail address: chris.muratore @ wpafb.af. mil (C. Muratore).

0043-1648/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10.1016/j.wear.2008.02.003

viding additional insight on damage mechanisms before coating
failure without stopping tests for ex situ characterization.
Luminescence spectroscopy has been proposed as a tech-
nique to measure damage in optically translucent TBCs without
interrupting their use while in service [1—4]. In these works,
luminescence spectra of materials were used for damage sens-
ing by monitoring the intensity of the spectra from subsurface
species located in discrete layers buried throughout the thick-
ness of the TBC that luminesce when excited with an incident
laser beam. As the upper layers of the coating erode away, the
intensity of spectra generated by the subsurface sensor layers is
intensified. When layers containing active luminescing species
are damaged, the characteristic spectra fade or disappear. By
such analysis, the health of the coating can be monitored in situ.
Multilayered tribological coatings differ from TBCs in that
they are typically opaque and suffer from damage mechanisms
such as abrasion, adhesion, and other contact-based phenomena.
Nevertheless, the principle of exposing buried layers through-
out the depth of a tribological coating to provide a detectable
response indicating the extent to which the coating has worn is
an appealing technique for in sire wear monitoring of surfaces
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(a) T

3000 nm 2750 nm
250 nm
substrate
(b)T 750 nm
| 6
3000 nm } 50 nm
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l
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substrate

Fig. 1. Schematic diagram of (a) a monolithic coating and (b) a multilayered
coating with imbedded, luminescing wear sensor layers.

in contact. The current work describes deposition, character-
ization and demonstration of a smart solid lubricant coating
with one sensor layer located approximately midway through the
thickness of the coating to report the wear depth, wear rate and
remaining coating life. The other wear sensor layer was located
at the coating/substrate interface to provide a warning to signal
the end of coating life. The layered structure is shown schemati-
cally in Fig. 1 with doped yttria stabilized zirconia (YSZ) layers
as sensor materials. The choice of this structure was based on
an ultimate intention to build wear sensors into multilayered
adaptive nanocomposites designed for broad temperature range
operations [5,6], such as those found in jet engine components
and other high performance tribological contacts that arc dif-
ficult to inspect and would, therefore, benefit from coating life
reporting capability. As a first step. the current work was directed
towards demonstrating the sensor concept in a single-phase solid
lubricant material subjected to room temperature sliding.

Molybdenum disulfide was selected as the solid lubricant
material as its response to wear under sliding has been well doc-
umented over decades of research. and the introduction of hard
ceramic sensor layers was expected to impact the tribological
performance of the coating. By comparing monolithic MoS; to
the doped YSZ/MoS; coatings. the effect of the ceramic layers
on the measured tribological properties could easily be assessed.
Moreover, MoS; has a relatively high laser absorption coeffi-
cient of >1 x 10°cm™! for excitation wavelengths of 532 nm
and less [7], which means that the effective optical penetration
depth of the laser is small, thus eliminating ambiguity about the
thickness to which the coating has worn upon the appearance
of a new spectral feature. The rare-earth dopants used to pro-
vide luminescence in the YSZ layers were selected based on the
Dieke diagram [8] which gives the luminescence wavelengths
for different rare-carth ions based on their allowed electronic
transitions. Trivalent erbium and samarium ions. which both can
dissolve in YSZ, were identified as dopants yielding distinctive
luminescence spectra with no overlap in the wavelength range
on interest, thus providing a clear indication of the wear depth
location.

2. Experimental procedure

Monolithic and multilayered coatings comprised of
MoS, and/or rare-earth-doped YSZ compounds were deposited
in a hybrid filtered vacuum arc/magnetron sputtering/pulsed
laser deposition system. One-inch diameter 440C steel sub-
strates were ultrasonically degreased and loaded into a rotating
fixturc within the processing chamber. A 520157 turbomolec-
ular pump was used to evacuate the chamber to a pressure of
<5 % 1077 Torr (7 x 105 Pa). The rotating substrates were then
heated in vacuum to 150°C, degassed for 30 min and main-
tained at that temperature throughout all subsequent coating
processes. Substrates were then cleaned with positively charged
argon and metal ions as they were exposed to glow discharge
and then filtered titanium arc plasmas, respectively, with bias
voltages of up to —800V de. The titanium arc plasma was also
used to deposit a thin (<100 nm) adhesion layer for all coat-
ings. The argon flow rate was then increased to 100 scem and
an automated throttle valve was used to increase the chamber
pressure to 12 x 1073 Torr (1.6 Pa). A dc glow discharge from
an unbalanced magnetron plasma source with a 32 mm, 99.9%
pure MoS; cathode was initiated. The power density on the
MoS; cathode was increased incrementally up to 9 W cm ™2 dur-
ing titanium deposition to produce a graded lubricant/adhesion
layer interface of about 250 nm total thickness, after which the
titanium arc source was switched off and magnetron power was
maintained throughout coating growth. Substrates were biased
to =30V dc during MoS; deposition. These conditions were
selected as they were shown in a previous study to yield MoS)
with preferred basal plane orientation parallel to the coating
surface [9]. Doped YSZ layers were deposited between lay-
ers of MoS, by pulsed laser deposition from rotating YSZ
targets with the desired doping concentrations of one atomic
percent rare-earth metal [3]. The 28 mm diameter targets were
prepared by precipitation processing starting with nitrate solu-
tions of the rare-carth ions as well as the yttrium and zirconium
nitrates, calcining the precipitated salt and then sintering at
900 “C for 5 h in air. The Er-doped targets had a composition of
Z10.92Y 0.07Er0.01 O1.96 and the Sm-doped targets had a composi-
tion of Zrgo2 Y0.07Smo.01 01 .96. The YSZ targets were ablated in
a mixture of 75% oxygen and 25% argon (by flow) at 15 mTorr
using 25 ns pulses from a 248 nm KrF excimer laser at a repeti-
tion rate of 30 Hz. Substrates were biased to — 150 V dc during
YSZ deposition, The YSZ deposition rate was approximately
500nmh~!, and all the doped YSZ sensor layers were grown
to a thickness of 650 nm. The multilayered MoS;/doped YSZ
coatings had a total thickness of about 3000 nm, with individ-
ual layer thicknesses estimated by assuming that the monolithic
coating deposition rates for individual components were linear
over the actual deposition times used. The intended architecture

‘of the multilayered coating is shown in Fig. 1. As-deposited coat-

ings were examined using X-ray diffraction, scanning electron
microscopy, and X-ray photoelectron spectroscopy (XPS).
Coatings were tested in a ball-on-disc tribometer designed
to allow in situ examination of the wear track by optical spec-
troscopy during sliding without interrupting the rotation of the
sample. The experimental arrangement of the tribospectrometer
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Fig. 2. Photograph of the tribospectrometer system together with a schematic
of the laser probe used to excite and collect luminescence.

system is shown in Fig. 2. An InPhotonics RamanProbe (Fig. 2b)
was used to simultaneously focus the 300 mW, 532 nm laser into
the wear track and direct backscattered light as well as the lumi-

nescence from that surface into an EIC Echelle spectrograph..

The laser was aimed into the wear track by attenuating it to a
small fraction of its full intensity after starting the wear test to
allow easy identification of the center of the beam, which was
approximately 0.5 mm when attenuated. The laser probe was
positioned over the coated sample with an orthogonal pair of
micro-translators while watching an image of the beam spot and
the developing wear track in a camera zoomed in and focused
on the surface. After the excitation laser spot was positioned in
the wear track, the attenuating shutter was removed. An auto-
mated data acquisition system was used to collect spectroscopic
data after every 500 sliding cycles to allow correlation of fric-
tion and luminescence events. For sliding contact tests, a 6 mm
silicon nitride ball and 1 N applied load were used, resulting in
an applied Hertzian contact stress of approximately 650 MPa for
the monolithic MoS, sample. The sliding speed was 0.2 ms™!
and the test environment was 22.5 °C air with controlled 40% rel-
ative humidity for all tests. The humid environment was known
to be detrimental for Mo$S, lubricants [10], and therefore, was
chosen here for the accelerated testing of the coating wear life.
After wear testing, samples were examined with contact pro-
filometry for wear depth analyses, scanning electron microscopy
for surface morphology, and XPS for contact chemistry. Sili-
con nitride sliding counterparts were also examined with optical
microscopy after wear testing.

3. Results

Fig. 3 shows Bragg-Brentano X-ray diffractograms from
3000 nm thick (a) monolithic MoS; and (b) smart multilay-
ered MoSy/doped YSZ coatings. Both coatings exhibited a
preferred (002) orientation (basal planes parallel to the sur-
face) with approximately the same (00 2)/(100) peak intensity
ratios, independent of the presence of the sensor layers. The X-
ray diffraction pattern from the multilayered YSZ/MoS, coating
revealed that the sensor layers consisted of tetragonal ZrO; with
(111) texture. Scanning electron micrographs (Fig. 3, insets) of
the coating surfaces showed that the YSZ layers had no influ-
ence on the surface morphology of the MoS;, as both had a

a) 1.00
(@) MoS,
(002)
0.75
’l/’.: ﬂ
2 |
3
€ ]
& 050 o (
’% / fum
g g
€ ¢ MoS.  Substrate
0254 100, :
! (100)
0.00 d Y v Y T 1 N 1k v T
10 20 30 40 50 80
20 (degrees)
(by 1.00
MoS,
(002)
. 0.75
)
£ ;
= ]
e 1
© 5 050 4 1 FYSZ(002)/ :
] | Mos, (100) el
2 3 (ysz £YSZ(311)
- \ '11 substrate  MoS,(110)
025 \ ( /\?) A tvsz
. 11(202/220
w M W 202220 /
OOO H T ¥ N T T T
10 20 30 40 50 60

248 (degrees)

Fig. 3. X-ray diffractograms for (a) monolithic and (b) multilayered MoS; with
inset electron micrographs of the respective coating surfaces.

nearly identical columnar appearance. XPS analyses indicated
that the compositions of both monolithic and multilayer coatings
were also indistinguishable and consisted of sub-stoichiometric
MoS s with approximately 15 atomic percent oxygen.
Friction traces from both coatings are compared in Fig. 4
(note an order of magnitude difference in the maximum num-
ber of cycles). The monolithic coating had indications of failure
starting at about 6000 cycles, where the average friction coef-
fictent fluctuated from 0.1 to 0.6 (Fig. 4a). The multilayered
coating did not show signs of failure until approximately 180,000
cycles as the friction trace was relatively smooth and constant
until then (Fig. 4b). Fig. 5 compares profilometry scans of wear
tracks for both coatings after 20,000 cycles. The monolithic coat-
ing was worn beyond the depth of the original substrate/coating
interface (Fig. 5a), while the MoS2/YSZ coating was only worn
down to the top of the first ceramic layer, approximately 750 nm
below the coating surface (Fig. 5b). Electron micrographs of
the wear tracks after 20,000 cycles are compared in Fig. 6 with
wear debris spread over the wear track for the monolithic MoS;
(Fig. 6a), and a smooth, almost featureless wear track for the
multilayered MoS»/Y SZ (Fig. 6b). Microscopy also showed that
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Fig. 4. Friction plots for (a) monolithic MoS; and the (b) multilayered sensor
coating.

the buried YSZ~Sm layer adjacent to the substrate was partially
exposed by wear after 200,000 cycles (Fig. 6¢), as confirmed by
XPS analysis of the wear track.

Monolithic Er-doped and Sm-doped YSZ coatings were also
produced to determine the response of the sensor layers alone.
Luminescence spectra were collected while the coated samples
were rotating in the tribotester with identical ambient condi-
tions to those employed for sliding friction experiments of smart
multilayered coatings. The spectra are shown in Fig. 7 with the
electronic transitions labeled for the individual peaks. Note that
the energy of the transitions is reported in terms of Raman shift
relative to the 532 excitation laser. There was a slight shift in
the peak positions relative to those published elsewhere [3]. The
Er-doped YSZ coating exhibited a single broad peak at about
500cm™" (Fig. 7a), and Sm-doped YSZ layers had a distinct
double peak feature in 1100-1400 cm™! region (Fig. 7b).

Spectra for three smart multilayered MoS2/YSZ coatings
were collected in situ from their wear tracks during sliding.
Examples of such spectra are shown in Fig. § (a) before slid-
ing, (by after 10,000 cycles, and (¢) after 150,000 cycles. Before
sliding, only Raman peaks were a doublet near 400 nm, charac-
teristic of hexagonal MoS; (Fig. 8a). The position of the peaks

arbitrary position on surface (mm)

Fig. 5. Profilometry line scans of wear tracks for (a) monolithic and (b) sensor
coating after 20,000 cycles in 40% relative humidity.

after 10,000 cycles matched the spectral lines of monolithic
YSZ-Er spectra (Fig. 8b). The YSZ-Er spectra were observed up
to about 25,000 cycles, but its intensity was rapidly reduced until
it was no longer detectable after approximately 30,000 cycles for
all samples. No sensor spectra were detected until approximately
150,000 cycles (£4000 cycles), when spectral features match-
ing the YSZ-Sm spectrum (Fig. 8c) were observed on samples
examined under the same sliding conditions. Note that Fig. 8a
shows spectral artifacts due to saturation of the spectrophotome-
ter dc,tcctor resulting from Raleigh scattering. The doublet at
300cm™" was also assumed to be the result of detector satura-
tion as it appeared only when long integration times were used
when acquiring spectra. This characteristic pattern at low wave
number values was present in all scans, thus the scan acquired
before initiation of sliding (Fig. 8a) was subtracted from the raw
data and plotted separately in Fig. 8b and c, to make the sensor
spectra superimposed upon those artifacts more clearly appar-
ent (insets Fig. 8a—c are plotted on a similar scale as that used
for Fig. 7a and b). The MoS; Raman peaks appeared in the raw
scans collected between 10,000 (Fig. 8b) and ~130,000 cycles,
but were then undetectable throughout the duration of the wear
tests (Fig. 8c).
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Fig. 6. Electron micrographs of wear tracks from (a) monolithic and (b) multi-
layered sensor coatings after 20,000 cycle in 40% relative humidity. (c) Shows
wear track in the multilayered coating after 200,000 cycles in 40% humidity.
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Fig. 7. Luminescence spectra from monolithic (a) YSZ-Er and (b) YSZ-Sm
coatings. The electronic transitions corresponding to the observed luminescence
peaks are labeled. The shift is relative to the laser at 532 nm used to excite the
luminescence.

4. Discussion

From Fig. 3 and XPS chemical analyses, the microstructure
and composition of the MoS; lubricant layers were the same in
the monolithic and multilayered coatings. however, the incorpo-
ration of the YSZ sensor layers extended wear life by a factor of
30. There are several possible mechanisms by which the pres-
ence of the ceramic layers could contribute to the increased wear
life of the coating. For dc magnetron sputtered MoS; with an
open columnar structure, Spalvins [11] and others [12] have
recognized that the wear rate is not linear, with initially rapid
wear of the surface until only a thin layer of adherent MoS;
material remains on the substrate with partial transfer of coat-
ing material to the ball counterface. Recent in situ investigations
of such transfer layer formation with hard nanocomposite coat-
ings containing MoS; confirmed the proposed mechanism of
sliding velocity accommodation by shearing in this thin <50 nm
layer [13]. Similar transfer layer formation was observed in the
present work when silicon nitride counterparts were examined
with optical microscopy.

The addition of a relatively thick intermediate hard layer of
doped YSZ likely served as a hard supporting surface, facil-
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Fig. 8. Optical spectra from the wear track of multilayered sensor coating (a)
prior to wear testing, (b) at 10,000 cycles and (¢) at 150,000 cycles. Plots in
(b) and (c) also show the difference between the initial scan and the scan at the
given number of cycles. The insets in (b) and (c) show the difference scans on a
scale similar to that used for the monolithic sensor spectra shown in Fig. 7. The
characteristic doublet due to Raman scattering from MoS§; is labeled.

itating the formation of an easy-shearing MoS; transfer film
between the YSZ-Er sensor layer and ball counterpart. Eventu-
ally the MoS; transfer film deteriorated in the ambient humid
air by tribochemical oxidation and the thin (650 nm) YSZ-Er
layer was breached by abrasive wear in the middle of the track
where the contact stress was greatest. Based on the disappear-

ance of the YSZ-Er spectrum from the in situ measurements,
the ceramic layer was worn away after approximately 30,000
sliding cycles. The remaining adjacent YSZ-Er layer, however,
continued to provide load support while the fresh lubricant sup-
ply from the underlying MoS; layer was exposed in the contact
area. The profilometry and electron microscopy data presented
in Figs. 5 and 6, respectively, confirm that the initial wear of the
MoS; coating over the first 20,000 cycles was limited to the first
available hard YSZ interface. Previous studies of wear tracks
with laser drilled grooves in hard ceramic coatings filled with
sputtered MoS; have shown an increased wear life of multiple
orders of magnitude in humid environments [{4]. In essence, a
similar contact geometry and mechanism was achieved here by
wear of the multilayer coating stack.

Additionally, the YSZ layers deposited by PLD had an elas-
tic modulus of ~300 GPa [15,16] compared to 200 GPa for the
steel substrate thereby increasing the Hertzian contact stress
by approximately 10%. It is well documented that the friction
coellicient of MoS; decreases with increasing contact stress
[17-19], consistent with the results shown in Fig. 4, where the
friction coefficient was lower in the presence of the ceramic
layers:

The luminescence spectra from the single-layer-doped YSZ
materials were consistent with those reported for similar YSZ-
based materials processed at higher temperatures [3], although

“ithe peaks in both the monolithic-doped YSZ single layers

(Fig. 7) and the multilayered coating (Fig. 8) are shifted slightly

“wand are significantly broader than that of the YSZ-Er and YSZ-
Sm powder sintered targets [3]. Dieke [8] describes how a

strained crystal lattice can cause a shift in peak position due to
lattice imperfections. The broad tetragonal YSZ peaks observed
in the X-ray diffractograms (Fig. 3) suggest a highly defective,
nanocrystalline structure associated with the low deposition tem-
perature and non-equilibrium processing conditions used here
for YSZ deposition. Non-uniformity of the strain in the crystal
lattice throughout the coating thickness may also have con-
tributed to the position and shape of the measured luminescence
peaks. Other work has shown that PVD coating materials gener-
ally exhibit higher strain at the interface. with strain relaxing as
the coating grows [20]. These factors may account for the slight
shift and broad shape of the observed luminescence spectra in
Fig. 8, nevertheless, the different layers were easily identified
(Figs. 7 and 8) and corresponded well to distinct events marked
by the wear tests (Fig. 4).

Spectra from monolithic-doped YSZ coatings were the same
whether the coatings were rotating or stationary at the relatively
low 0.2ms™! sliding speed used for tribological testing. This
was as expected, since the luminescence emission begins within
picoseconds of laser excitation [21] and the luminescence from
the wear surface to the detector travels within few nanoseconds.
This provides a practically instantaneous response from the slid-
ing surface, allowing the wear track to be considered a virtually
stationary surface within the time frame of signal acquisition.
The sensor concept explored here with relatively low sliding
speeds will, therefore, be equally applicable for use at relatively
high sliding and/or rotating velocities, such as those expected in
aircraft turbine engines.
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Correlation of Fig. 4 with Fig. &, both of which were gener-
ated at the same time, illustrates the utility of the sensor materials
as in situ wear meters and failure indicators. After 10,000 slid-
ing cycles (indicated in Fig. 4b) the uppermost MoS; coating
layer thickness was reduced such that the laser could excite the
buried YSZ-Er sensor layer, resulting in the appearance of the
Er** luminescence spectrum. The friction was also high in this
region, suggesting an ongoing process of MoS; layer removal
in the wear track. Wear through the topmost MoS, layer was
rapid, exposing the YSZ-Er layer and giving rise to the char-
acteristic spectra in Fig. 8b. Later in the experiment, the Er**
spectrum was no longer detectable, suggesting that the YSZ-
Er interlayer was breached. Towards the end of the wear test,
the Sm3* spectrum appeared, indicating that the solid lubricant
in the contact was thin enough for the laser beam to excite
the buried sensor layer and allow transmission of the emitted
light. The appearance of this spectrum occurred with about
30,000 cycles remaining before initial coating failure for all
tests.

The number of cycles between activation of the failure warn-
ing sensor layer and coating failure will obviously depends on
the tribological properties of the solid lubricant coating material
and substrate, but will also depends on the degree to which the
excitation laser energy is absorbed by the top lubricant layer. A
material that strongly absorbs the laser will have a reduced min-
imum remaining thickness above the sensor layer at which the
characteristic luminescence can be activated. To determine this
minimum thickness for a material, one can use Beer’s law which
is based on the empirical observation that there is an exponential
decrease in the initial intensity (/) of a beam as it passes through
any homogeneous solid substance proportional to the linear dis-
tance traversed (x), yielding a well known equation:for the light
absorbance by a solid materials (neglecting surface reflectivity):

zﬁ = exp(—ax),
[U
where 1,/l, is the fraction of the initial intensity that the
beamn has been reduced to at depth x in the solid, and «o
is the material-dependent absorption coefficient which is also
inversely proportional to the transmitted light wavelength. The
minimum value of x at which the intensity falls to 1/e is simply
the inverse of the absorption coefficient (1), For spectroscopy
performed in backscattered mode, the calculated distance x
should be halved when considering the sampling depth of the
laser, as the scattered light has to traverse a distance equivalent
to the incident light which is equivalent to twice the thickness.
The absorption coetficient o of a selid is sensitive to its com-
position and crystal structure. For 532 nm light incident on a
(002) MoS; crystal (with basal planes oriented perpendicu-
lar to the direction of the laser), o is about 1.5 x 10° ¢cm™!
[7], which provides a total minimum penetration distance of
about 6070 nm. Experimentally, Wahl et al. [22] and Zabin-
ski [23] have found that 30-50nm of (002) oriented MoS»
deposited on a silicon wafer will absorb the incident laser such
that the backscattered light from the Si/MoS; interface will not
be detected. If the coating is thinner, the Raman spectrum from

the Si will begin to appear, consistent with the analysis presented
above. Furthermore, Scharf and Singer [24] reported that « for
532 nm laser light in diamond-like carbon was 4-5 x 10* cm™ '
resulting in a minimum thickness of approximately 100-120 nm
for complete absorption, which is approximately 2-3 times the
minimum thickness of MoS, layer. Thus, for the same sensor
layer material and excitation laser wavelength, the degree of the
remaining coating lifetime will be dependent on the absorption
characteristics of the solid lubricant as well as its tribological
properties.

While the ability to monitor the remaining wear life of tri-
bological coatings is useful in the laboratory for developing
multilayered coating systems, a compact laser and detector sys-
tem similar to that described here could be also incorporated
into a diverse range of mechanical systems with the use of thin
fiber optic probes to bring diagnostics close to friction contacts
in real machines, thereby allowing service life diagnostics and
eliminating unnecessary teardowns and overhauls, The ability
of engineers to expand design limits and the safety of end users
are both increased when sensors to warn of imminent failure are
incorporated into smart coating materials.

5. Conclusions

Multilayered coatings consisting of MoSy and rare-earth-
doped YSZ sensor layers were deposited and characterized with
the intent of developing a technique to report the depth of contact
wear, provide a warning for impending failure and to illustrate
the concept of smart tribological coatings with built-in wear
sensing and reporting capability. Rare-earth-doped sensor lay-
ers were activated by green laser light to provide distinctive
signals from two different depths within a single coating during
sliding wear of a MoS» coating in humid air. Considerations
for using this technique to monitor coating wear with other tri-
bological materials were also presented, where the impact of
the solid lubricant optical properties on sensor performance was
discussed as it has a direct influence on the remaining coating
thickness and wear life diagnostic capability, The presence of
the ceramic sensor layers inserted into MoS, coating also altered
the tribological properties of this solid lubricant coating, result-
ing in a significant (>30X) increase in wear life. The in situ
wear sensing experiments helped to iflustrate the proposed wear
mechanisms of MoS; transfer layer formation on the surface
of harder ceramic layers, which resulted in reduced the friction
coefficient, arrested sliding wear, and extended wear life for the
multilayered MoS,/YSZ coatings.
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Abstract
Molybdenum disulfide coatings were grown under selected mid-frequency bi-

polar pulsed dc power conditions to control the basal plane orientation relative to the
substrate, from parallel (002) to perpendicular (100). Growth mechanisms under
different conditions were made apparent by the observed trends. The highest (002)/(100)
orientation ratios were obtained with growth rates near 1 atomic layer per second
accompanied by high energy ion bombardment (up to 175 eV). These conditions allowed
maximum surface diffusion of deposited atoms before burial by incident material or
removal by desorption and resputtering. Additionally, high energy ion bombardment
during pulsed deposition produced defects on the otherwise inert MoS, (002) surface that
further enabled adsorption and crystal growth. For growth rates of less than one
monolayer per second coupled with low ion energies and fluxes, coatings exhibited
strong (100) orientation. Under these low growth rate conditions, the burial rate was still
faster than the desorption rate on the (100) surface, and the lack of energetic ion
bombardment permitted uninterrupted growth of crystals in this orientation. For sliding
wear tests conducted in humid air, the tribological performance of the coatings

demonstrated a strong dependence on (002)/(100) ratios.
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Introduction
Bipolar pulsing of magnetron targets in the 1-100 kHz frequency range was

originally introduced as a technique to reduce arcing at target surfaces during reactive
sputtering of dielectric materials [1-3]. Soon afterwards, electrically conductive materials
deposited by pulsed dc magnetrons were reported to show structural changes typically
observed at higher substrate temperatures and performance improvements over coatings
prepared by conventional dc sputtering [4-6]. Research efforts to understand the origins
of these microstructural changes revealed that bipolar pulsing of the magnetron target
increased the energy and flux of ions impinging upon a substrate immersed in a
magnetron plasma and maintained at a fixed potential (via biasing or grounding) by over
an order of magnitude [6,7]. Pulse parameters were also shown to affect the deposition
rate [8] and, in conjunction with the control of ion kinetic energy and flux, can be
adjusted to manipulate the composition, structure and properties of electrically
conductive coating materials.

Molybdenum disulfide is an electrically conductive material that has been
reported to show strong sensitivity to a long list of processing parameters investigated
over the past several decades [9]. Among the intrinsic parameters on that list, the energy
[10] and magnitude [11] of the impinging ion flux, in addition to the deposition rate [12],
are key factors that can be controlled to tailor MoS, coating microstructure independently
of other variables . Given that these three intrinsic processing parameters are uniquely
coupled in mid-frequency pulsed magnetron sputtering, it was expected that control of

the structure and properties of MoS; coatings could be obtained with the process.

Experimental procedure
Monolithic MoS, coatings were deposited in a hybrid filtered vacuum

arc/magnetron sputtering deposition system. Figure 1 shows a schematic of the
deposition chamber. Discs of 25 mm diameter x 3 mm thick 440C steel were
ultrasonically degreased in acetone and loaded into a rotating fixture within the
processing chamber. A 3 x 3 mm” adhesive mask was attached to the center of each
substrate prior to deposition. A 5201 s turbomolecular pump was used to evacuate the
chamber to a pressure of <5 x 107 Torr [10] (7 x 107 Pa). The rotating substrates were

then heated in vacuum to 150 °C, degassed for 30 minutes and maintained at that
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temperature throughout all subsequent coating processes. Substrates were cleaned with
positively charged argon and metal ions next, as they were exposed to glow discharge
and then filtered titanium arc plasmas, respectively, with bias voltages of up to -800 V dc.
The titanium arc plasma operated in 1 x 10 Torr (0.01 Pa) Ar, which was attained by
flowing 8 sccm Ar into the chamber. The arc source was also used to deposit a thin
(<100 nm) adhesion layer for all coatings. The argon flow rate was then increased to 100
sccm and an automated throttle valve was continuously adjusted to maintain the chamber
‘pressure at 12 x 107 Torr (1.6 Pa). A dc glow discharge from an unbalanced magnetron
plasma source with a 32 mm, 99.9% pure MoS, cathode was then initiated. The nominal
power density on the MoS, cathode was increased incrementally up to 9 W cm™ during
titanium deposition to produce a graded lubricant/adhesion layer interface of about 250
nm total thickness, after which the titanium arc source was switched off and magnetron
power was maintained throughout coating growth. A range of different frequencies (dc-
200 kHz) and duty factors (58-100%) were used in separate deposition experiments with
experimental settings summarized in Table I. The target voltage waveforms were
recorded on a digitizing oscilloscope, which averaged 200 scans triggered by the onset of
a positive pulse. Substrates were dc biased to -30 V dc during MoS; deposition.

A Hiden EQP 1000 plasma analyzer was used to measure the time-averaged
kinetic energy distributions of positively charged Ar, Mo and S ions arriving at its
grounded front electrode located in the substrate position. A dwell time of 200 ms per
.0,5 eV energy increment was used to allow collection over multiple pulse cycles at a
particular energy. The analyzer was fitted with a 20 pm orifice, and was differentially
pumped to <1 x 107 Torr for all measurements. An energy range of 0-1000 eV was
scanned for all positive ions of interest with the EQP.

As-deposited coatings were examined using electron microscopy, X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction in a 6-26 geometry. The
thickness of the coatings was measured by comparing the height of the masked substrate
area to the relative height of the coating surface with a contact profilometer. All coatings
were grown to a thickness of approximately 2.5 microns ( 200 nm).

For sliding contact tests, a 6 mm silicon nitride ball and 1 N load were used,

resulting in an initial Hertzian contact stress of approximately 650 MPa for MoS,
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coatings. The sliding speed was 0.2 m sec”’ and the test environment was 23 °C air with
controlled 40% relative humidity for all tests. While MoS; is known to perform
effectively as a lubricant in dry environments, the tests in humid air helped to examine
the environmental sensitivity of the coatings, which was known to be closely linked to

microstructure and orientation [13,14].

Results

Figure 2 shows selected examples of voltage waveforms applied to the MoS,
target during selected deposition experiments. The polarity reversal was delayed for
frequencies over 150 kHz, and therefore the actual duty factor was lower than that
specified using the power supply controls, as shown in Fig. 2d, where a 90% nominal
duty factor at 200 kHz was equivalent to an actual duty factor of 58%. It was also noted
that the maximum positive potential was approximately 425 V at 85 kHz and 90% duty
(Figure 2b), compared to 250-300V for the other frequencies and duty factors explored
here.

Ion energy distributions (IEDs) of positively charged argon ions for the indicated
target voltage waveforms are shown in Figure 3. All IEDs were collected immediately
after each other with the same mass spectrometer tuning parameters to allow direct
comparison of energies and intensities. When dc power was applied to the target, the ion
energy distribution was within a very narrow energy window, with a maximum ion
energy of 12 eV (Fig. 3a), which is typical for a dc magnetron glow discharge [15,16].
When the target was pulsed, the ion energy distributions measured at the grounded
plasma analyzer were considerably broader (Fig. 3b and Fig. 3¢ for example) as reported
in previous studies of pulsed sputtering processes [6,7]. The maximum ion kinetic
energy was 100-200eV (Fig. 3 b and c¢)--roughly a factor of 10 times greater then the
maximum ion energy measured when dc power was applied to the target. At 85 kHz and
with a 90% duty factor (Fig. 3b), ions with energies from 0 to 180 eV were detected, with
three defined peaks at 15 eV, 27 ¢V, and 175 eV. A similar broad energy distribution
with the substantial number of high energy ions was observed also for 100 kHz and 90%
duty settings (Fig. 3c), except the peak location for the high ion energy ions was only 125

eV. The IEDs of molybdenum and sulfur ions (not shown) were also measured for all
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conditions, and demonstrated similar features as those shown in Figure 3, although the
heavier molybdenum ions exhibited lower maximum energies than argon and sulfur for
measurements in pulsed plasmas. No ions were detected between 200-1000 eV.

Table I compares the effect of the target pulse conditions on the deposition rate,
structure and tribological properties of the deposited coatings. As expected, dc
sputtering provided the highest deposition rate. When the target was pulsed, the
deposition rate decreased monotonically with duty factor, and had an inverse dependence
on frequency for equivalent duty factors, consistent with the observations of Kelly [8].
Figure 4 shows X-ray diffractograms of selected coatings and atomic-scale, side view
schematics of crystals in the dominant orientation, which illustrate the orientation
transition achieved by manipulating the target pulse parameters. For samples grown
under high deposition rate conditions, the hexagonal molybdenite phase with an (002)
preferred orientation was observed (Fig. 4a). For deposition rates less than 13 nm min™,
the (100) orientation dominated (Fig 4¢). Figure 5 shows the relationship between
deposition rate and (002)/(100) ratios for the coatings as listed in Table I. Figure 6 shows
that MoS; coating performance during wear tests in humid air was strongly dependent on
the deposition parameters. Coatings with higher (002)/(100) ratios had lower friction and

wear coefficients than those with a (100) orientation (Table 1).

Discussion

The trend shown in Figure 5, where the (002)/(100) fraction increased with
deposition rate was unexpected as it was contrary to multiple reports in the literature,
where an inverse rate-orientation relationship was reported for MoS, coatings deposited
with both dc and rf sputtering processes [9,12,17,18]. The trend observed here can be
understood (and shown to be in agreement with previous work) by considering the effect
of deposition rate and incident ion enefgy on MoS; orientation during film growth.

The deposition rate makes a significant contribution to the orientation of the
coatings because of the atomic desorption kinetics particular to MoS; growth. The
relatively inert (002) surface has a surface energy of approximately 250 kJ cm?,
compared to the chemically reactive (100) surface at about 25,000 kJ cm™ [18]. Because

of this low surface energy, atoms deposited on the (002) basal plane surface have a higher
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probability of being desorbed or resputtered before adsorption or burial by incident target
material (i.e. a lower sticking coefficient) than those on a (100) surface [19].

The actual desorption time for atoms on the (002) and (100) surfaces can be
estimated by considering absolute reaction-rate theory as discussed by Smith, who
derives an equation to determine the time in which a chemisorbed atom is more likely to
desorb than to be buried in low flux conditions [20]. The desorption time ¢ is simply
given by the inverse of the chemisorption rate constant &.:

1 1 Egirr

where E; is the activation energy for surface diffusion, R is the gas constant, and T is
temperature. The term v, is the characteristic atomic hopping frequency, estimated to be

kT
v()d =
h

for hopping from one identical site to another, where k is Boltzmann’s constant and /4 is

K

Plank’s constant. To have an estimate of the expected désorption times for atoms on
(100) and (002) MoS, surfaces, consider the activation energy for surface diffusion (E;)
of chemisorbed sulfur on MoS,, which is approximately 120 kJ mol™ for the (100)
surface [21] compared to ~95 kJ mol” on the (002) surface [22]. This results in an
estimated desorption time (¢) on the (100) surface that is on the order of seconds,
compared to that for the (002) orientation, which is less than one second. Therefore,
when atoms are deposited on (002) surfaces, the likelihood of desorption is high,
especially as the deposition rate decreases below one monolayer per second. For the
higher duty factor conditions, in which a strong (002) preferred orientation is observed,
the burial rate by the next depositing monolayer is greater than the desorption rate,
allowing growth on the basal plane surfaces.

As indicated earlier, other authors reported decreased (002) crystal growth with
increasing deposition rate, however, those authors used processes that yiclded deposition
rates of 15 nm min™' (or ~ 1 ML sec‘l) or more [17,18]. This is the critical rate identified
on Figure 5, above which the (002)/(100) orientation ratio is maximized. In the current

work there was a slight decrease in the (002)/(100) orientation ratio as the deposition rate
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increased beyond 15 nm min’', in agreement with the observations of other authors, as
mentioned earlier.

For conventional rf or dc sputtering, the reduced deposition rates allowed
maximum surface diffusion of the atoms to the lowest energy adsorption sites, increasing
the film density and the fraction of (002) oriented material. This is the case for pulsed dc
sputtering as well, however, the conditions yielding higher ion energies (75-85 kHz, 90%
duty) resulted in the highest (002) ratios and the best tribological performance. Energetic
(>100 eV) ion bombardment has been reported to promote growth of (002) oriented
MoS; by creating high energy sites for adsorbtion on the chemically inert surface [19],
and by reducing shadowing effects of the rapidly growing (100) oriented material that
can further suppress (002) growth [23]. Conventional sputtering processes rely on an
auxiliary ion beam or other techniques to obtain high energy ions. In this work, the
increased ion energy shown for pulsed target operation in Figure 3 is directly related to
the target voltage waveform (Fig. 2), which produces a time-dependent plasma potential.

To understand the mechanism by which high energy ions are generated in a
pulsed dc magnetron process, one can first consider the origin of the plasma potential,
which is the potential difference between the electrically neutral electron-ion plasma and
a grounded electrode immersed in it [24]. Near the grounded electrode the plasma is
rapidly depleted in electrons, resulting in a positive space charge developing over a
region (on the order of millimeters for the average sheath potentials and plasma densities
considered here) surrounding the electrode, referred to as a plasma sheath. The
magnitude of this space charge is referred to as the plasma potential. If the plasma is
further depleted in electrons from a powered electrode with a positive potential, as it is by
the sputtering target during the off-time in bipolar pulsed sputtering, the magnitude of the
space charge will increase such that the plasma potential is the highest positive potential
in the chamber. The response of the plasma potential to the changing target polarity is
rapid, with a characteristic time equivalent to the inverse of the plasma frequency, which
is on the Qrder of GHz for typical magnetron discharges. This is much faster than the
characteristic times for target pulse events on the kHz-MHz scale used in this work. The
highest energy ions accelerating through the plasma sheath to an electrode at a fixed

potential could therefore have a maximum energy equivalent to the plasma potential
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minus the substrate potential (zero if grounded or equal to the negative bias potential).
Heavier ions will move slower than lighter ions when accelerated across the same
distance and potential, and therefore may not completely traverse the sheath over one
target pulse period as the physical size and potential of the sheath are time-dependent
[25]. For kHz frequency regimes, such ions may take several pulses to reach the
substrate, thus arriving at the substrate in a subsequent target pulse from a position nearer
the substrate than at the edge of the sheath, resulting in a reduced accelerating potential
and final kinetic energy. Thus, molybdenum ions, with a mass of 96 amu, were measured
to have a lower maximum energy in the pulsed processes than the lighter argon or sulfur
ions.

The measured time-averaged ion energy distributions in the pulsed discharges
reflect the time-dependent plasma potential, with the highest energy ions in Figs. 3b and ¢
corresponding to the peak positive voltages on the magnetron target (Figs. 2a and c).
Note that the mass-energy analyzer provides measurements averaged over multiple
magnetron pulses, and may not detect ions born during short transient voltage spikes,
such as the initiation of the positive pulse on the sputtering target (Fig. 2). While ion
energies arriving at the growing coating surface during deposition may have exceeded
400 eV based on the spike voltage amplitudes, those ions were not detected by the mass-
energy analyzer in its current configuration.

The intermediate peak about 30 ¢V in Fig. 3b corresponds to the stable positive
portion of the waveform at a commensurate voltage during the plasma off time. All I[EDs
have a peak near 10 eV, corresponding to the negative, “dc like” operating regime of the
target voltage waveform.

Comparing IEDs measured at 100 kHz and 85 kHz, the corresponding increase of
the ion energy from 125 eV to 175 eV (Fig. 3b and ¢) also increased the sputtered atom-
to-incident ion ratio by about an order of magnitude [26], suggesting that higher energy
ion bombardment further assisted defect formation on the (002) surface at the 85 kHz
condition, and thereby facilitated growth of crystals in that orientation by increasing the
surface energy of the MoS; basal planes when the highest energy ions were produced.

The friction coefficients and wear rates both scaled inversely with deposition rate

and (002)/(100) ratios (Fig. 6), illustrating how the (100) molybdenite crystal face is not
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just more reactive during film growth, but also while in use in humid air. This finding is
consistent with many reports of improved tribological performance when basal plane
texture is parallel to the coating surface, providing easier shear and less chemical
interaction of the sliding mechanical contacts [10,12,27,28]. Interestingly, the coatings
yielding the best friction behavior (Fig. 5) were those produced nearest the minimum
deposition rate required to induce the preferred (002) orientation. Under these
conditions, atoms arriving at the surface had the maximum amount of time to diffuse
across the (002) crystal surface without desorbing before burial by the next deposited
layer. The combination of the increased ion energy at the surface and increased surface
diffusion time provided coatings with maximum resistance against oxidation and
degradation in humid air, which was most likely due to the denser microstructure and
stronger (002) texture. Indeed, Stupp [9] and Fleischauer [12] had noticed in the
experiments with dc sputtering that the lower rates generally produced MoS; coatings

with superior tribological performance, provided the (002) orientation was obtained.

Conclusions

Process-structure relationships were explored for a pulsed magnetron sputtering
of MoS, coatings. General mechanisms for MoS, were suggested, where the deposition
rate and ion energy accounted for the crystallographic texture evolution. The findings
imply that the maximum (002)/(100) ratio is obtained at an optimum deposition rate,
which is low enough to allow deposited atoms to diffuse the maximum distance before
burial by the next layer of coating material, yet high enough to prevent desorption. This
rate was found here to be approximately 13 nm min™', or 1 ML sec”', but was also
dependent upon the parallel process of energetic ion bombardment during coating
growth. Pulsed dc sputtering was shown to generate broad ion energy distributions with
a significant fraction of ions having kinetic energies greater than 100 eV, as compared to
dc sputtering where all incident ions had a kinetic energy < 10 eV. Furthermore, the
optimization of frequency and duty factor was shown to increase the maximum ion
energy from 125 to 175 eV. The mechanism of high energy ion generation in the pulsed
discharges was briefly discussed. Deposition processes with ion energies >175 eV were

found to promote (002) orientation of MoS; coating material due to formation of atom
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absorption sites that facilitated growth on the lowest energy MoS, surface and suppressed

(100) crystal growth. Coatings with increased (002)/(100) ratios yielded lower friction

coefficients and wear rates, which was due to easier shear of the oriented basal planes and

the increased resistance of the inert (002) orientation to degradation in reactive

environments.
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List of figure captions

Figure 1: Schematic of the filtered vacuum arc/magnetron sputtering processing
chamber.

Figure 2: Selected target voltage waveforms with nominal values of a) 85 kHz with a
1.2 us reverse time (90% duty), b) 85 kHz with a 5.0 us reverse time (58% duty),
¢)100 kHz with a 1.0 us reverse time (90% duty), and d) 200 kHz with a 0.5 us
reverse time (90% duty). The nominal and actual duty factors are shown on each
voltage trace

Figure 3: Ion energy distributions collected during a) dc MoS, deposition, b) deposition
at 85 kHz and 1.2 ps reverse time (90% duty), and c) deposition at 100 kHz and
1.0 ps reverse time (90% duty). The maximum ion energy is indicated on each
IED.

Figure 4: Bragg-Brentano X-ray diffractograms for MoS, coatings deposited at a) 85
kHz with a 1.2 us reverse time (90% duty), b) 100 kHz with a 1.0 us reverse time
and (90% duty) ¢)85 kHz with a 5.0 us reverse time (58% duty).

Figure 5: A plot of the (002)/(100) orientation ratio versus deposition rate. The line
connecting the points was added to guide the eye.

Figure 6: Friction traces obtained in a air with controlled 40% relative humidity for
MoS, coatings deposited at a) 85 kHz with a 1.2 ps reverse time (90% duty), b)
100 kHz with a 1.0 us reverse time (90% duty) and ¢)85 kHz with a 5.0 ps
reverse time (58% duty).
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Table I: Summary of processing parameters, deposition rates, orientation ratios and tribological performance for all coatings.

nominal actual measured average friction  cycles to
frequency reverse time duty factor duty factor growthrate  (002)/(100) ratic coefficient failure
(kHz) (1) (%) (%) (nmmin’)£06 (%) 402 #)

83 5 5% 58 5.0 0.0 0.55 2,500
200 0.5 90 58 5.4 0.0 0.55 1.000
100 1 90 90 12.0 2.1 0.30 <10000

85 1.2 96 90 13.0 4.8 0.23 >20,000

75 1.3 90 90 13.4 4.7 0.24 >20,000

0 0 100 100 19.6 4.4 0.21 <10000
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Abstract: Nanocomposite coatings demonstrate improved friction and wear responses under severe sliding

conditions in extreme environments. This paper provides a review how thin film multilayers and nanocom-

posites result in hard, tough, low-friction coatings. Approaches to couple multilayered and nanocomposite

materials with other surface engineering strategies to achieve higher levels of performance in a variety of

tribological applications are also discussed. Encapsulating lubricious phases in hard nanocomposite matri-

ces is one approach that is discussed in detail. Results from state-of-the-art “chameleon” nanocomposites

that exhibit reversible adaptability to ambient humidity or temperature are presented.

Key words: nanocomposite coatings; thin film multilayers; tribological coating

Introduction

The clear and intimate relationship between hardness
and wear!'! has caused the scientific and engineering
community to pursue the development of increasingly
harder coatings. Wear of materials, however, depends
on many other factors, including elastic modulus, frac-
ture toughness, friction, and micro/nano contact ge-
ometry (Fig. 1). For the most part, the quest for wear-
resistant materials has only recently included consider-
able effort on these other avenues to reduce wear. Ad-
ditionally, as the diversity of applications for coatings
grows (e.g., automotive and aerospace), so does the
range of environments in which they operate. Typi-
cally, a material provides its best tribological perform-
ance in a limited range of environments. A good ex-
ample is the behavior of MoS,, which performs quite
well in space, but fails much more quickly in moist ter-
restrial environments. A significant challenge is to

Received: 2005-05-19
* % To whom correspondence should be addressed.
E-mail: Andrey. Voevodin@wpafb.af. mil

blend together hardness, low friction, and toughness in
a coating such that low wear is realized in diverse en-
vironments (e.g., hot, cold, wet, dry, and vacuum).

Direction
of sliding

ST Sa—

Transfer film
depends on environment
{chemistry, humidity,
temperature, efc.)

Tribo-modified
wear track and
possible subsurtace

dumage
Substrate
Fig. 1 Schematic representation of a sliding

tribological coating.

Thin film coating deposition has undergone tremen-
dous advances and it is now possible to grow multilay-
ered, functionally gradient, and nanocomposite coat-
ings that have impressive properties. Nanostructured
designs have the flexibility to impart lubricity over
many environments, yet maintain hardness, and
dramatically increase toughness.
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The purpose of this paper is to highlight recent de-
velopments in tribological coating designs incorporat-
ing functional gradients and nanostructures where
these features are .employed to provide exceptional
properties. Special attention is given to the synergism
among friction coefficient, hardness, and fracture
toughness. These are important for coating perform-
ance in terms of wear reduction and reliability, but
have not been the focus of most available reviews.

1 New Directions in Hard Coatings

As mentioned in the introduction, there are a number
of good reviews on hard coatings that have been pub-
lished lately. Monolithic coatings of transition metal
carbides/nitrides and oxides dominate the literature!"?!;
however, attention has recently been focused on mov-
ing away from monolithic coatings to duplex, func-
tionally gradient, multilayer, and nanocomposite coat-
ing architectures to improve overall friction and wear
response. Work on increasing the hardness of coatings
through multilayer and nanocomposite approaches has
been recently reviewed in detail, as discussed below.
The remainder of this paper is devoted to briefly dis-
cussing “hardening” approaches and then focusing on
coating architectures that improve toughness and lower
friction.

1.1 Methods to increase hardness: Multilayer
coatings

Research on using nanoscale multilayers to increase
the hardness and toughness of coatings has provided
significant advancements.

Early research by Palatnik with multilayers of met-
als showed that significant improvements in strength
were achieved when layer thickness was decreased be-
low 500 nm!**). In early modeling, Koehler'® predicted
that high shear strength coatings could be produced by
alternating layers of high and low elastic modulus. Key
elements of the concept are that very thin layers in-
hibit dislocation formation and differences. in elastic

modulus between layers inhibits dislocation mobility.

Lehoczky demonstrated these concepts on Al-Cu
and Al-Ag multilayers and showed that a Hall-Petch
type equation could be used to relate hardness to

1/ JJperiodicity . Springer and Catlett”’, and Movchan
et al® reported on mechanical enhancements in

metal/ceramic and ceramic/ceramic laminate structures
that followed a Hall-Petch relationship. These pioneet-
ing works were followed by intensive research in mul-
tilayers””"*!, which has produced coatings significantly
harder than the individual components making up the
layers. To achieve increased hardness, the layers must
have sharp interfaces and periodicity in the 5-10 nm
range. The multilayer architectures exhibiting high
hardness are frequently called superlatticesm]. The dif-
ferent design architectures have been classified and
some reports have formalized multilayer design!'®'®l.
Multilayer architectures clearly increase coating
hardness and have commercial application, especially
in the tool industry. However, they can be difficult to
apply with uniform thickness on three-dimensional
compotients and rough surfaces. If the layers are not of
the correct periodicity, the superlattice effect is lost.
Another relatively new technology, nanocomposites,
offers the same advantages as multilayers (plus has
other benefits) and their properties are not critically
dependent on thickness or substrate geometry.

1.2 Nanocomposites

Using similar ideas for restricting dislocation forma-
tion and mobility as were used in multilayer ap-
proaches to “hardening”, nanocomposite coatings can
also be superhard“g‘zﬂ. These composites have 3-10 nm
crystalline grains embedded in an amorphous matrix
and the grains are separated by 1-3 nm. This design
lead to ultra-hard (hardness above 100 GPa) coatings
reported by Veprek and co-authors most recently!*?7,
The nanocrystalline phase may be selected from the ni-
trides, carbides, borides, and oxides, while the amor-
phous phase may also include metals and diamond-like
carbon (DLC) as shown in Fig. 2. These reports sug-
gest that the nanocrystals should have strong interac-
tion with the matrix phase to impart super-hardness.
There are many different nanocrystalline grain/
amorphous matrix systems that exhibit superhardness
including:  TiN/a-SiN, %%, W N/a-Si;N,**%,
VN/a-SisN,2% TiN/e-BNP*! TiN/a-(TiB,+TiB+
B,0s), TiN/TiB,P!, TiC/TiB, %, TN, ZeN/CulY,
ZNYPL TIAINAINGY, CNNIPY, Mo,Cla-
(carbon+Mo,N)™"!, TiC/DLCP®*) and wC/DLCH,
Among carbon matrix systems, only hydrogen free
DLC coatings were harder than 30-40 GPal**!! which
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approaches that of ceramic-matrix composites (60-
100 GPa)!'*?%,

S a-8igN,

Fig. 2 Schematic design of a super-hard composite
coating, combining amorphous and nanocrystalline
phases, showing restrictions in the initial crack size
and crack propagation, Reproduced from Veprek”,

The initial model proposed by Veprek to explain
hardness in nanocomposites is that dislocation opera-
tion is suppressed in small grains (3-5 nm) and that the
narrow space between them (1 nm separation) induces
incoherence strains!'****?, The incoherence strain is
likely increased, when grain orientations are close
enough to provide interaction between matched but
slightly misoriented atomic planes. In the most recent
work by the same author™™, the contribution of coher-
ency strain was dismissed leaving dislocation suppres-
sion and crack size reduction as the prime hardness en-
hancing factors. Without characterization of the
stress/structure on a nanoscopic level, it is difficult to
verify coherency strain contributions. The coating re-
sidual compressive stress (<1 GPa) is relatively small
and cannot explain the super hardness effect. In the ab-
sence of dislocation activity, Griffith’s equation for
crack opening was proposed as a simple description of
the composite strength, o,

o-[22) o

na

where £ is elastic modulus, % is surface energy of the
grain/matrix interface, and  is initial crack size, which
was accepted to be equal to the average diameter of the
grains’®®. This equation suggests that strength can be
increased by increasing elastic modulus and surface
energy of the combined phases, and by decreasing the
crystalline grain sizes. It is noted that elastic modulus
is inversely dependent on grain sizes that are in the nm
size range due to lattice incoherence strains and the

high volume of grain boundaries. In practice, grain
boundary defects always exist, and a 3-nm grain size
was found to be close to the minimum limit. Below
this limit, a reverse Hall-Petch effect has been ob-
served and the strengthening effect disappears because
grain boundaries and grains become indistinguishable
and the stability of the nanocrystalline phase is greatly
reduced [1213:192043.44]

Nanocomposites with metal matrixes are in a special
category for this discussion. They have been demon-
strated to increase hardness, but also have good poten-
tial for increasing toughness. Mechanisms for toughen-
ing within these systems are discussed in the next sec-
tion, while mechanisms for hardening are discussed
here. Irie!*”) and Musil®~! have recently reported that
nanocomposites composed of hard nitride grains and
softer metal matrixes exhibit increased hardness,
which they relate to coating nanostructure. In a recent
review, Veprek has questioned some of these reports
and suggested that residual stress and not nanostruc-
ture may be responsible for apparent increases in
hardness'*,

The composite strength of metal/ceramic nanocom-
posites may be described by the following form of the
Griffith-Orovan model*? when the dimensions of the
metal matrix permit operation of dislocations:

4E » + » 172
oo (Vo +7,) Ty 2
na 3d,

where y, is the work of plastic deformation, ryp is the
curvature of the crack tip, and d, is the interatomic dis-
tance. It is noted that crack tip blunting and the work
of plastic deformation considerably improve material
strength, while the lower elastic moduli of metals
causes a reduction in strength as compared to ceramics.
However, in nanocomposites, dislocation operation
may be prohibited because the separation of grains is
very small. For example, the critical dimension, D, for
a Frank-Read dislocation source is*:

D=Gbr™' 3)
where G is the modulus of rigidity approximated by
the expression for Young modulus and Poisson ratio,
G=E(2+2v)™, b is the Burgers displacement, and 7 is
shear stress. For a shear stress of 1 GPa, the critical
size of Frank-Read source operation is 7.4 nm for a Cu
matrix (=110 GPa, v=0.34, b=0.181 nm) and 4.1 nm
for a Ni matrix (£=210 GPa, »=0.31, 6=0.176 nm).
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While 1 GPa is not unrealistic, smaller stresses such as
in lubricated contacts would require larger grain sizes
for dislocation source operation. Matrix dimensions in
hard nanocomposite coatings are typically between 1-3
nm, which is well below the critical size for dislocation
source operation, even in very soft metal matrixes.
Therefore, the mechanical behavior of such composites
can be expected to be similar to that of ceramic matrix
composites{m.

Composite designs that increase elastic modulus and
hardness, do not necessarily impart high toughness.
First, dislocation mechanisms of deformation are pro-
hibited and crack opening is the predominant mecha-
nism for strain relaxation when stresses exceed the
strength limit. Second, Griffith’s equation does not
take into account the energy balance of a moving crack,
which consists of the energy required to break bonds
and overcome friction losses, potential energy released
by crack opening, and kinetic energy gained through
crack motion!’). From crack energy considerations, a
high amount of stored stress (in-plane compressive and
possible incoherence between adjusted grains) dictates
a high rate of potential energy release in the moving
crack. In such conditions, a crack can achieve the self-
propagating  (energetically  self-supporting) stage
sooner, transferring into a macrocrack and causing
brittle fracture. However, nanocomposites contain a
high volume of grain boundaries between crystalline
and amorphous phases. This type of structure limits
initial crack sizes and helps to deflect, split, and termi-
nate growing cracks. Mechanisms to increase the frac-
ture toughness of wear resistant coatings are discussed
in the following section.

2 New Directions for Tough Wear
Protective Coatings

While superhard coatings are very important, quite no-
tably for protection of cutting tools, most tribological
applications for coatings either require, or would re-
ceive significant benefit from increased toughness and
lower friction. In particular, high fracture toughness is
necessary for applications where high contact loads
and hence, significant substrate deformations, are en-
countered. A material is generally considered tough if
it possesses both high strength and high ductility. High
hardness is directly related to high elastic modulus and

high yield strength, but it is very challenging to add a
measure of ductility to hard coatings. For example, the
superhard coating designs discussed earlier prevent
dislocation source activity, essentially eliminating one
common mechanism for ductility. Therefore, designs
that increase ductility through different mechanisms
must be explored to create tough tribological coatings.
In addition to ductility, a tough coating must have
high elastic modulus and high hardness, as well as
permit strain relaxation and crack termination. Combi-
nation of these properties in a coating results in high
cohesive toughness. It is also important to prevent fail-
ure at the coating/substrate interface by increasing in-
terface toughness and adhesion. For effective wear
prevention, there are additional requirements related to
the normal (load) and tangential (friction) forces. In
general terms, a tough wear resistant coating must sup-
port high loads in sliding or rolling contact without
failure by wear, cohesive fracture, and loss of adhesion
(delamination). As discussed in the introduction, a low
friction coefficient reduces friction losses and may in-
crease load support capability. The later is clear from
the fact that typical coating failures (deformations,
cracks, delaminations, etc.) are caused or accelerated
by tangential stress, which is proportional to the con-
tact load through the friction coefficient. Finally,
chemical, tribochemical, and thermal stability are re-
quired to optimize coating performance and lifetime.
Designs for the tough wear protective coatings de-
scribed below are roughly divided into three categories:
multilayers (including nano-layered materials), func-
tional gradients, and nanocomposites. It is duly noted
that the multilayer and nanocomposite approaches
strengthening (hardening), which
strongly suggests (and will be shown later) that tough-

permit coating

ness, hardness, and low friction may be combined in a
single coating. Each approach has a set of advantages
and combination of approaches may yield the best
tribological solution.

2.1 Tough multilayer coatings

Toughening concepts based on multilayer architectures
were presented in reports by Holleck and co-
authors!'®'>**7] Their work highlights the importance
of dissipating crack energy and deflecting cracks at
interfaces in multilayer structures made of hard
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ceramic materials, such as TiC/TiB, or TiN/A(Ti(C,N).
Mechanisms  for toughening layered ceramic
coatings“ﬂ are schematically represented in Fig. 3.
These mechanisms include: i) crack splitting at the
boundaries of small sized grains, ii) crack deflection at

Layer mat. | /

Bl S
Interface
7

srface”
'”Mi““*\ Layer mat. |
L wvermat. 1

| Substrate E
Fig. 3 Mechanisms of toughness enhancement in hard ceramic multilayers.

Reproduced from Holleck and Schier

While interfaces in ceramic/ceramic multilayer coat-
ings can deflect cracks and relax stress, they can also
initiate brittle fracture. This is especially critical when
the adjacent layers have greatly different elastic
modulus and chemistry, which causes a sharp change
in the stress field across the interface. In the absence of
good chemical bonding (adhesion), coating failure is
initiated. Depending on the applied stress field and in-
dividual layer properties (e.g., elastic modulus, yield
strength, residual/induced stress, and thickness), the
coating may fail by interfacial crack propagation (shear
and tension stress) or buckling (compression
stress)**4%1.

2.2 Tough functionally graded coatings

In order to counteract brittle failure and improve frac-
ture toughness, two concepts have been explored. The
first involves the use of graded interfaces between the
coating and substrate and between layers. For example,
a WC-TiC-TiN (outside layer) graded coating for cut-
ting tools was reported by Fella et al. 1591 which
showed considerably less wear than single layer hard
coatings used in the cutting of steels. This type of coat-
ing is functionally graded, reflecting the idea of grad-
ing chemistry to achieve better adhesion and oxidation
resistance, and mechanical properties to improve stress

669

the interface between layers, iii) reduction of stress
concentration by interface opening, and iv) plastic
deformation at the interface for energy dissipationk
and stress relaxation, “nanoplasticity”.

e [nhibition of grairy growth (crack splitting,
interface toughening, stress relaxation)

= e Crack deflection (reduced crack propagation)

- interface “opening” or delamination {reduced
§tress concentration)

b i e Nanoplasticity © {energy disstpation, reduced
o o crack propagation, stress relaxation)

(5]

profiles, or other functionality.

One example of how functionally graded architec-
tures improve coating performance is the adhesion of
DLC to steels. DLC, and especially hydrogen-free
DLC, has a very high hardness and generally has a
large residual compressive stress. The coatings are
relatively inert, and adhesion failures of coated steel
surfaces were a roadblock to success. This problem
was solved through designing and implementing
graded interfaces between the coating and the substrate.
Examples of effective gradient compositions are Ti-
TiN-TiCN-TiC-DLC for hydrogenated DLCP'*? and
Ti-TiC-DLC for hydrogen-free DLC™’, In the devel-
opment of the later composition, the importance of
graded elastic modulus through the substrate coat-
ing/interface was highlighted as shown in Fig. 4. The
gradual build-up material stiffness from the substrate
with £E=220 GPa to the DLC layer with £=650 GPa,
avoids sharp interfaces that can provide places for
crack initiation, provides good chemical continuity,
and creates load support for the hard DLC top-coat.
The graded coating shown in Fig. 5 did not exhibit any
signs of brittle fracture in scratch tests with a 50-N
load, which was at least 5 times higher than similar
coatings without functionally graded interfaces™>"!, The
graded approach can be combined with multilayer and
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nanocomposite architectures to further enhance tri-
bological properties.

Material Hardness  Elastic modulus ~ Thickness

DLC at 107 Pa 70 GPa 650 GPa

Fig. 4 Design of a functionally gradient Ti-TiC.-DLC
coating, where chemistry and elastic modules are tran-

sitioned from metallic substrate to hard DLC top
53]

layer!

0.4 mm

Fig. 5 Scratch produced on the surface of a func-
tionally gradient Ti-TiC,-DLC coating by a diamond
stylus under 50 N load. The absence of cracks demon-
strates that the coating has excellent toughness‘“!.

An effective route for improving toughness in multi-
layers is the introduction of ductile, low elastic
modulus layers into the coating structure to relieve
stress and allow crack energy dissipation by plastic de-
formation in the crack tip. This approach will result in
a decreased coating hardness, but the gain in the frac-
ture toughness improvement may be more important in
many tribological applications, excluding coatings for

the cutting tool industry. For example, [Ti/TiN], multi-
layer coatings on cast iron piston rings relaxed inter-
face stress and improved combustion engine perfor-
mancel®. Figure 6a shows a schematic of a multilayer
[Ti/DLC], coating on a graded load support foundation,
where the ductile Ti layers in the multilayer stack were
graded at every DLC interface to avoid brittle frac-
ture!'®. A cross-sectional photograph of this coating
with 20 [Ti/DLC] pairs is shown in Fig. 6b. The
ductile Ti layers reduced the composite coating
hardness to 20 GPa as compared to a single layer
DLC coating, which has a hardness of about
60 GPa. However, due to dramatic improvements in
toughness the multilayer coating design permitted
operation during sliding friction at contact pressures as

Block for multiple repetition
60 nm DL.C, 60-70CGPa
10nm T4, 7-86Pa

[DLC, 40-70GPa]

{Carbiécil)l,ﬁf wansition |

Load supporting |
jceramic, 15-35 GPa)]

IAdhtzxi'z‘c metal layer, 5-10 (}i’a?

Steel substrate

()

\Oﬁum

(b}
Fig. 6 A multilayer coating with multiple Ti/DLC
pairs on top of a functionally gradient layer for an op-
timum combination of cohesive and adhesive toughness:
(a) design schematic; (b) cross sectional photograph of
the coating produced with 20 Ti/DLC pairs"®l,
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high as 2 GPa without fracture failure compared to 0.6-
0.8 GPa for single layer DLC.

In general, the combination of multilayer and func-
tionally gradient approaches in the design of wear pro-
tective coatings produces exceptionally tough wear
protective coatings for engineering applications. One
potential drawback slowing the wide spread use of new
coatings was the need for reliable process controls to
ensure that the correct compositions, structures, and
properties are implemented during growth. However,
modern process instrumentation and control technolo-
gies are able to meet the challenge and permit success-
ful commercialization, e.g., see Ref. [55] for a review
of reactive sputtering control methods during multi-
layer growth. Thus, functional gradient and multilayer
designs are commonly utilized in the production of
modern tribological coatings.

2.3 Tough nanocomposite coatings

An alternative to employing multilayers to toughen
coatings is embedding grains of a hard, high yield
strength phase into a softer matrix allowing for high
ductility. This approach has been widely explored in
macro-composites made of ceramics and metals which
are known as cermets®* It was recently scaled down
to the nanometer level in thin films made of hard ni-
trides and softer metal matrixes''*"”",

When grain sizes in such composites are reduced to
a nanometer level, dislocation activity as a source of
ductility is eliminated. However, these types of com-
posites contain a high volume of grain boundaries with
a crystalline/amorphous transition across grain-matrix
interfaces, limiting initial crack sizes and helping to
deflect and terminate growing cracks. These mecha-
nisms may explain the brittle resistance of novel super-
hard composites””'**. In single phase nanocrystalline
systems, grain boundary diffusion” and grain bound-
ary sliding®*” were suggested to improve ductility
and provide super-plasticity. The most recent research
indicates that high ductility can be more easily
achieved in multiphase structures®’ and that grain
boundary sliding is a primary mechanism of super-
plasticity[(’z"m. It was also found that equiaxial grain
shapes, high angle grain boundaries, low surface en-
ergy, and the presence of an amorphous boundary
phase facilitate grain boundary sliding”®*"). These
findings were expanded into the field of hard wear

resistant coatings to introduce ductility and prevent
fracture under a high contact load.

In the course of the development of tough nanocom-
posite coatings, the following design concepts were
formulated:

1) A graded interface layer is applied between the
substrate and crystalline/amorphous composite coating
to enhance adhesion strength and relieve stresses
(combination of functional gradient and nanocomposite
design)[lsﬁ’m;

2) Encapsulation of 3-10 nm sized hard crystalline
grains in an amorphous matrix restricts dislocation ac-
tivity, diverts and arrests macro-crack development,
and maintains a high level of hardness similar to super-
hard coating designs'*"**;

3) A large volume fraction of grain boundaries pro-
vides ductility through grain boundary sliding and
nano-cracking along grain/matrix interfaces!?' 2681

The primary differences between superhard and
tough coating designs are selection of a matrix phase
with a lower elastic modulus, relaxation of the re-
quirement for strong binding between matrix and
grains, and selection from a greater range of acceptable
grain sizes of nanocrystalline phase in tough coatings.

Combination of the nanocrystalline/amorphous de-
signs with a functionally graded interface, as shown in
Fig. 7, provides high cohesive toughness and high in-
terface (adhesive) toughness in a single coating. Sev-
eral examples of tough wear resistant composite coat-
ings have been reported. Two of them combined
nanocrystalline carbides with an amorphous DLC ma-
trix designated as TiC/DLC and WC/DLC composites.
In  another example, nanocrystalline yttrium
stablized ZrQ, (YSZ) grains were encapsulated in a

Substrate

Fig. 7 Schematic of a tough nanocomposite coating,
featuring a noncrystalline/amorphous design in the
main coating layer for cohesive toughness and a func-
tionally gradient interface layer for adhesive toughness.
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mixed YSZ-Au amorphous matrix as shown in Fig. 8.
In all cases, the large fraction of grain boundary phase
provided ductility by activating grain boundary slip
and crack termination by nanocrack splitting. This
provided a unique combination of high hardness and
toughness in these coatings. Figure 9 compares
Vickers indentations made at the highest load of the
machine. There are no observable cracks in these
coatings, even after significant substrate compliance
(indentation marks are 9 pm deep into 1 pm thick
coatings). The coating hardness was quite high
ranging from 18 to 30 GPa, and for most hard coatings
at these loads, cracks in the corners of the indentations
are expected.

Fig. 8 TEM image of a YSZ/Au nanocomposite coat-
168}

ing with improved toughness characteristics™ ",

Thus, novel nanocomposite designs for tough tri-
bological coatings are very promising and provide a
very attractive alternative to multilayer architectures.
Nanocomposite coatings are more easily implemented,
since they do not require precise control in the layer
thickness and frequent cycling of the deposition pa-
rameters, as is required for fabrication of multilayer
coatings. They are however relatively recent develop-
ments, and suitable scale-up of deposition techniques
is currently under intense study.

2.4 Hard, tough, and low friction “chameleon”
nanocomposites

Composite coating designs provide a convenient way
to implement the combination of high hardness, tough-
ness, and low friction into a single coating. The possi-
bility of mixing hard and lubricious phases in thin
nanocomposite coatings has been explored in recent
years. Reports on producing TiN/MoS, composites by

chemical vapor deposition[69'7o], and TiB,/MoS,,

(b)

(c}
Fig. 9 Vickers indentation marks on the surface of
1 pm thick a) TiC/DLC, b) WC/DLC, and ¢) YSZ/Au

tough nanocomposite coatings. Indents were per-
formed with the maximum available load of 1000 g,
providing about 9 pm indentation depth due to the de-
formation of the steel substrate. Note that there were
no cracks at the indention corners, which serve as
stress risers.

TiB,/C, and TiN/MoS, composites by magnetron
sputtering!’ "), demonstrate that low friction can be
imparted to hard ceramic coatings. Most recently,
WC/DLC/WS; and YSZ/Au/DLC/MoS; composites
produced by a hybrid of laser ablation and magnetron
sputtering were shown to have exceptional toughness
and provide low friction across dry, vacuum, moist,
and high temperature environments'®”7*,

The tough TiC/DLC and WC/DLC composites
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discussed above demonstrated low friction and wear in
ambient environment tests'®*”* In these composites, a
hydrogen-free DLC matrix was used to encapsulate
carbide nanocrystals. The use of a DLC matrix in long
duration aerospace applications may create a problem
due to the graphitization of DLC in friction contacts
and an associated increase in friction coefficient in
high vacuum!’®”". An alternative approach is to incor-
porate dichalcogenide space lubricants, such as Mo§S;
or WS,, into the composite coating. One very effective
design included formation of MoS, reservoirs within a
TiC/DLC nanocomposite by laser milling the hard
phase and filling with sputtered MoS,!"®, which
showed the benefit of the DLC/MoS, combination for
lubrication in a variable humid/dry environments.

Reduction of the individual phase sizes in the com-
posite coating to few nanometers offered the unique
opportunity to design adaptive or smart tribological
coatings, which were termed “chameleon” for their
ability to resist friction and wear by changing surface
chemistry and microstructure in response to environ-
mental and loading variations, much like a chameleon
changes its skin color to avoid predators.

The first advancements in adaptive coatings were
made using a mix of oxides and dichalcogenides
(PbO/MoS,, Sb,03/MoS,, and ZnO/WS,), which could
operate in a broad range of temperatures[79'8”. Ad-
vanced multilayer structures were then designed to
combine these composites with buried diffusion barrier
layers and achieve surface self-adaptation during re-
peated temperature cycling. Recently, novel wear re-
sistant materials were developed, which combine
nanocrystalline carbides (TiC, WC), oxide-based ce-
ramics (YSZ and AION), dichalcogenides (MoS; and
WS,), and amorphous DLC into nano-composite struc-
tures”"*%2_The Rockwell C indentation marks on the
surface of TiC/DLC and WC/DLC nanocomposite
coatings are shown in Fig. 10. The critical load as a
function of carbon content in the TiC/DLC is shown in
Fig. 11. The surface chemistry, structure, and me-
chanical behavior of these nanocomposite materials
were shown to reversibly change in the tribological
contact, depending on applied loads and operational
environment to maintain low friction and prevent wear.

In order to achieve reversible adaptation, the follow-
ing design concepts should be fulfilled and combined
with the concepts of tough nanocomposites described

(b)

Fig. 10 Rockwell C indentation marks on the surface
of 1 um thick (a) TiIC/DLC, and (b) WC/DLC nano-
composite coatings. Indents were performed with the
maximum available load of 150 kg, providing about
156 pm indentation depth due to the deformation of
the steel substrate. These hard coatings (25-30 GPa)
have a very high toughness as demonstrated by the ab-
sence of cracks and delaminations.
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Fig. 11  Effect of the TiC/DLC coating composition on
its contact toughness estimated by measuring lower
(on-set of cracking) and upper critical loads (adhesive
failure) in scratch tests with a 0.2-mm radius diamond
stylus under a gradually increasing normal load!®,

above:

1) Solid lubricant reservoirs are introduced as amor-
phous or poorly crystalline inclusions to minimize re-
duction in composite hardness and elastic modulus,
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since crystalline solid lubricants are typically very
sOf6783].

2) Friction forces and surface reactions with the en-
vironment are used to generate a lubricious transfer
film or “skin” at the tribological contact, which can
self-adjust with each environmental changem”]; ie.,
coating components serve as reservoirs to supply mate-
rial for the “tribo-skin”, where formation of a lubricat-
ing film with the required chemistry and structure re-
duces friction.

Figure 12 presents a schematic of a nanocomposite
coating design that exhibits “chameleon” behavior.
This design was implemented in the fabrication of the
YSZ/Au/DLC/MoS, and WC/DLC/WS, “chameleon”
coatings where an amorphous matrix and a hard
nanocrystalline phase (e.g., YSZ or WC) were used to
produce optimum mechanical performance and load
support. Nanocrystalline and amorphous Au, MoS,,
and DLC were added to achieve chemical and struc-
tural adjustment of transfer films formed in friction
contacts during dry/humid environment and low/high
temperature cycling. “Chameleon” behavior is ob-
served during the following sequence. As deposited, all
lubricant phases (WS, or MoS,, DLC, soft metals, and
oxides) are either amorphous or poorly crystalline and
are buried in the coating where they are sealed from
the environment. When sliding commences, wear
processes expose the surface components to the envi-
ronment, and stress and frictional heat cause changes
in chemistry and structure. In low temperature humid
environments, a graphitic-like transfer layer is formed
by an sp’ — sp’ phase transition of the DLC compo-
nent, which eventually leads to the formation of some
crystalline graphite. This layer provides a low friction
coefficient (i.e., 0.10-0.15) and significantly reduces
further wear. In humid environments, formation of
MoS, or WS, transfer layers is not favorable, due to
their relatively high friction coefficient. Those phases
also have a high wear rate and become concentrated in
the wear debris as the graphite-like transfer film forms.
When the environment changes to dry (N, or air) or
vacuum and the temperature remains low, a WS, or
MoS, transfer layer is formed by an amorphous —

crystalline transformation of dichalcogenide inclusions.

Rubbing orients the crystalline material such that the
low friction basal plane is parallel to the surface. This
provides friction coefficients as low as 0.01, reducing

further wear of the composite coating. Graphite from a
previous cycle in humid air is removed or covered over
in the first several hundred cycles in dry conditions due
to its high friction/wear in the absence of intercalation
by water molecules. As an example of performance in
cycling humidity, Fig. 13 shows that the process re-
peats itself for YSZ/Au/DLC/MoS,, providing a corre-
sponding switch in tribofilm chemistry and friction re-
sponse between DLC in humid and MoS; in dry
conditions.

oxide, metal or DLC for

fubrication in humid air (DLC) and
Optimum structure for
toughness improvement

Hard carbide,
nitride. oxide
nano-crystals for
hardness and
wear resistance

at high temperature {metal or oxide)

MoS, or WS, as
amaorphous or nano-
crystaltine inclusions
for vacuum and dry
tubrication

Fig. 12 Schematic of a conceptual design for a nano-

composite tribological coating with chameleon-like

surface adaptive behavior.
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Fig. 13 Friction coefficient variation of a “chame-
leon” YSZ/Au/MoS,/DLC coating in a test with cycled
relative humidity. Friction response is repeatedly
switching from lubrication provided by MoS, in dry
environments to lubrication provided by DLC in moist
conditions!™,

2.5 “Chameleon” nanocomposite coatings for high
temperature

Addition of gold in the composition of the discussed
above YSZ/AwDLC/MoS, nanocomposite coatings
was targeting a high temperature lubrication ability. In
high temperature environments (above 500 L), diffu-
sion of soft metal from the coating to the surface and
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subsequent crystallization occurs. For YSZ/Au/DLC/
MoS, coatings, this resulted in the formation of an
easy-to-shear gold transfer film for high temperature
lubrication with a friction coefficient of about 0.207.
When temperature is cycled back to 25°C, the friction
coefficient stays at about the same level.

YSZ/Ag/Mo and YSZ/Ag/Mo/MoS, coatings were
also produced to provide low friction through adapta-
tion to temperatures between 25-700°C in humid air.
Figure 14a shows wear test results for a 2-um thick,
monolithic YSZ/Ag/Mo material, and for a multilayer
film composed of two 1-um layers of the same
YSZ/Ag/Mo material separated by a TiN diffusion bar-
rier. The monolithic YSZ film containing 24 at.% Ag
and 10 at.% Mo exhibited a friction coefficient of
about 0.4 for all temperatures (Fig. 14b). By adding
8% MoS, to the monolithic YSZ/Ag/Mo film the fric-
tion coefficient is reduced to >0.2 for all temperatures
between 25°C and 700°C. The monolithicYSZ/Ag/Mo
film lasted for about 10 000 cycles at all temperatures
except 500°C, where the film only lasted for 4500
cycles, Figure 15a shows a cross-sectional micrograph
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£ iYSZ-Ag-Mo film
‘o 0.8F
=
(53
3 0.6F :
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=
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1 1 1 i
0 0.5 1.0 1.5 2.0 2.5
Number of eycles (X 10%)
(a)
0.6
—o— YSZ-Ag-Mo-MoS,
—o— YSZ-Ag-Mo
=
3 04r
g O
o
g
=
.1
= 02h
RE W
(S
1 1 1
0 200 400 600 800
Temperature (C)
(b)

Fig. 14 (a) Friction coefficients for YSZ/24%Ag/
10%Mao and YSZ/20%Ag/10%Mo/8% MoS, films at
25-700°C and (b) wear test results for the monolithic
and layered YSZ-Ag-Mo films at 500°C.

of the surface of the monolithic film after the 500°C
wear test. The originally monolithic film has segre-
gated into a top layer of pure silver and a bottom layer
of YSZ/Mo. The moderate friction coefficient was the
result of lubrication of the YSZ/Mo composite with the
silver. To improve the wear life of the film, a layered
film with two 1-um layers of monolithic YSZ/Ag/Mo
separated by a thin layer of titanium nitride to act as a
diffusion barrier layer was produced. The structure was
designed to keep the bottom YSZ/Ag/Mo layer in the
as-deposited state, while allowing the top layer to
adapt to the high temperature wear conditions. The
cross-sectional composition map shown in Fig. 15b
illustrates that the multilayered architecture effectively
prevented silver segregation from occurring in the

(a)

by

Fig. 15 (a) Cross-sectional micrograph of monolithic
YSZ-Ag-Mo film after 1 h at 500°C and (b) cross-
sectional compositional map of the layered YSZ-Ag-
Mo film after 2 h at 500°C.
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lower film layer, even after over 2 h at 500°C. The
film with the layered structure lasted over 5 times
longer than the monolithic film of the same composi-
tion and total thickness as shown in Fig. 14a.

Using these mechanisms to provide adaptive
lubrication, advanced tribological coatings can be
produced that survive multiple dry/humid cycling,
temperature cycling, and provide long duration
operation in many test environments. Various carbides,
nitrides, borides, and oxides may be used as the hard
nanocrystalline phase in combination with carbon for
lubrication in ambient conditions, MoS, and WS, for
lubrication in dry and vacuum environments, and soft
metals (Au, Ag, Ni) or low viscosity glasses (network
modified SiO,) for high temperature lubrication. For
example, similar success was achieved with
Al,03/Mo08S,/CF, composites and SiC/Cs;Mo0S,/MoS,
/DLC. In the last of these two examples, a Cs-SiO,
glass provided lubrication above 600°C.

The coating design shown in Fig. 12 and the exam-
ples provided previously were primarily tailored to
aerospace applications, but similar designs can be de-
veloped to produce “chameleon” tribological coatings
for other environments. The concepts for producing
tough, hard, low friction nanocomposite coatings dis-
cussed here are universal such that they can be realized
using a variety of material systems and are easily
tailored to specific applications.

3 Conclusions

Designs incorporating nanocomposite structures offer
significant potential for producing high performance
coatings that can operate across multiple extreme envi-
ronments. Their development will enable increased
utilization of coatings in many types of applications
including those in the automotive, tool, and aerospace
industries where the operational environment is vari-
able and severe. For coatings to become widely ac-
cepted, further development and scale-up of deposition
processes are required so that engineering components
may be coated reliably and inexpensively. To acceler-
ate nanostructured coating availability, process con-
trols, life prediction methodologies, design criteria, and
nondestructive evaluation tools must also be further
developed. The ultimate goal is to have engineers in-
clude surface engineering technologies in their designs
from the on-set, instead of as a solution to a problem.
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Tsinghua University Awarded 26 Prizes of National Tertiary
Education Achievement

The Prizes awarded to the achievements of tertiary education in China has newly been unveiled on the Fifth Prize
Awarding Ceremony of National Tertiary Education held in the People’s Great Hall on 8th September, 2005. Up to
26 Prizes were awarded to Tsinghua Faculties.

The excellent prize was awarded to the team led by Tsinghua’s former president professor Wang Dazhong for
their research work on “The Innovation and Practice of Professional Degree Education Scheme for Master’s Degree
of Engineering”. Other prizes include 7 First-Grade Prizes and 18 Second-Grade Prizes.

The prizes for higher education achievement are awarded every four years and mark the newest approaches and
practices of high leveled tertiary education. The number of awards to Tsinghua faculties ranks top among all uni-
versities in China.

(From http://news.tsinghua.edu.cn)
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Abstract

Aircraft propulsion applications require low-friction and wear resistant surfaces that operate under high contact loads in severe environments.
Recent research on supertough and low friction nanocomposite coatings produced with hybrid plasma deposition processes was demonstrated to
have a high potential for such demanding applications. However, industrially scalable hybrid plasma technologies are needed for their commercial
realization. The Large area Filtered Arc Deposition (LAFAD) process provides atomically smooth coatings at high deposition rates over large
surface areas. The LAFAD technology allows functionally graded, multilayer, super-lattice and nanocomposite architectures of multi-elemental
coatings via electro-magnetic mixing of two plasma flows composed of different metal ion vapors. Further advancement can be realized through a
combinatorial process using a hybrid filtered arc-magnetron deposition system. In the present study, multilayer and nanostructured TiCrCN/TiCr
+TiBC composite cermet coatings were deposited by the hybrid filtered arc-magnetron process. Filtered plasma streams from arc evaporated Ti
and Cr targets, and two unbalanced magnetron sputtered B4C targets, were directed to the substrates in the presence of reactive gases. A
multiphase nanocomposite coating architecture was designed to provide the optimal combination of corrosion and wear resistance of advanced
steels (Pyrowear 675) used in acrospace bearing and gear applications. Coatings were characterized using SEM/EDS, XPS and RBS for
morphology and chemistry, XRD and TEM for structural analyses, wafer curvature and nanoindentation for stress and mechanical properties, and
Rockwell and scratch indentions for adhesion. Coating properties were evaluated for a variety of coating architectures. Thermodynamic modeling
was used for estimation of phase composition of the top TIBC coating segment. Correlations between coating chemistry, structure and mechanical
properties are discussed.
© 2006 Elsevier B.V. All rights reserved.

Keywords. Filtered arc; Magnetron; Coatings; Aerospace; Thermodynamics; Nanocomposite

1. Introduction

Aircraft propulsion elements, such as gears and bearings,
operate under extreme conditions of high contact loads at high
speed, and in aggressive environments. Corrosion attack in moist,

* Corresponding author. 3626 Fieldstone Dr., Bozeman, Montana, 59715,
© United States, Tel.: +1 406 522 7620, fax: +1 406 522 7617
E-mail address: vigase@aol.com (V. Gorokhovsky).

0257-8972/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/).surfcoat.2006.09.007

saline air is another critical factor that deteriorates surfaces of the
tribological pairs if they are exposed to the environment. To
provide both mechanical performance and corrosion resistance,
advanced carburized stainless steels, e.g. Pyrowear 675 [64] and
CSS-421. [65], were introduced for the use in aircraft gears and
bearings. While these steels provide a balance between
mechanical and corrosion properties, the friction contact areas
are still subjected to both wear process and corrosion attack due to
the tribochemical accelerated processes. In addition, broad
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temperature synthetic lubricants are often used on the tribological
surfaces of military aircraft propulsion components. Some of
these have a fluorinated chemistry [66], which provides a low
viscosity at subzero temperaturcs, but can release aggressive
fluorine agents at elevated temperatures via tribochemical re-
actions. For reliable operation of aircraft gears and bearings,
advanced surface coating technologies are required to mitigate
wear and corrosion processes in the contact areas.

Nanocomposite coatings with nanocrystalline/amorphous
structures and functionally graded metal-ceramic interfaces with
steel substrates have been designed to provide supertough charac-
teristics and capability to withstand high contact loads of bearings
and gears in aerospace systems [52--57]. Some of these coatings
had contained nanocrystalline carbides embedded in hard amor-
phous diamond-like carbon (DLC) matrix, which helped to
achieve a low friction and wear rates in ambient environments
[58,59]. Such properties provide a safety margin of a non-catas-
trophic low friction and wear performance in an oil lubricant
starvation as emergency back-up lubrication. Tribological carbon
based coatings can be further improved with addition of carbide-
forming non-metallic elements like Si, B, N in a multi-phase
nanocomposite cermet structure [13-18,23--28]. Using boron as
an alloying element for hydrogenated a-C:H films forms a
structure with boron carbide crystals embedded in a-C:H matrix.
Sputtered boron carbide coatings are now commercially produced
on gears, molds, cutting and forming tools [27]. Complex boron
containing carbides and carbonitrides are currently being
explored for wear resistant applications [60]. Other carbon rich
carbides are also successfully used for gears, bearings, and shafts
[14-18,26,35].

Conventional thin film TiN and CrN cermet coatings have
been used to prevent corrosion attack but have a limited success
on tool steels because they are not thick enough to cover corrosion
initiating surface defects sufficiently [ 1--4,42]. Even in the case of
high chromium steel substrates like 440C or carburized Pyrowear
675, thin film coatings only protect against corrosion if a high
substrate surface finish eliminates pitting initiation sites [1].
Incorporation of metallic interlayers into multilayer cermet
coating, e.g. TiN/Ti or CiN/Cr, improves corrosion by the
passivation capability of the incorporated metals {2-4,6].
Substrate pretreatment by plasma nitriding, carbonitriding or
carburizing prior to coating deposition (duplex technologies) can
also improve corrosion resistance [2-5,42]. Care should be taken
to avoid substrate chromium depletion by forming nitrides and/or
carbides, which could inhibit the passivation ability of the high
chromium steels. Recently developed multiphase nanocomposite
Cr-based nitride coatings such as (Ti,Cr)N, (Cr,A)N have
demonstrated improved corrosion resistance in comparison with
single phase TiN or CiN cermets [2]. Further improvement in
corrosion resistance can be achieved by adding non-metallic
elements (C,B,Si) and by reducing the thickness of individual
sublayers in the multilayer coatings to nanometer scale [2].

The production of advanced nanocomposite coatings of
complex chemistry and nanostructure became possible with
development of novel deposition processes, where plasma
streams from several sources are combined, mixed, and directed
toward the substrate with flexibility in a control of plasma che-
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mistry, density, and energy {34,61]. Such flexibility is a critical
requirement for both adhesion enhancing gradient structures and
for the formation of advanced nanocomposite and nanolayer
coating architectures. Supertough nanocomposite coatings devel-
oped in AFRL for high contact load applications were produced
by a hybrid of magnetron sputtering-plasma laser deposition
(MSPLD), where the high energy of the laser plasma was used to
achieve a controlled crystallization [62]. Although promising,
MSPLD is difficult to apply to large and complex substrate
geometries, such as gears, due to the line of sight of the laser
ablated plasma. Filtered vacuum arc is an alternative high energy
plasma production source, which does not have this limitation,
produces similar high quality carbon based coatings [63], and is
very beneficial for the growth of well adhered and particle free
metal and ceramic layers [32,33, 43,44].

A unique Large Area Filtered Arc Deposition (LAFAD)
technology developed by Arcomac Surface Engineering LLC
offers the opportunity for depositing advanced supertough
nanocomposite coatings and corrosion resistant multilayer struc-
tures on very large and complex shaped surfaces of aircraft bearings
and gears [32]. This process combines different types of plasma
vapor sources working together in a common filtered arc plasma
environment as achieved in the Filtered Arc Plasma Source lon
Deposition (FAPSID) surface engineering system [34]. The
combination of large arca filtered arc sources and unbalanced
magnetron sputtering in the same chamber increases the metal ion
flux conveyed by the plasma toward the substrate surface while
keeping the flow of neutral atoms generated by magnetron
sputtering fixed. This paper assesses the use of novel hybrid,
large area filtered arc deposition-unbalanced magnetron sputtering
(LAFAD-UBM) surface engineering technology, which was
recently developed by Arcomac Surface Engineering LLC [34]
for aircraft bearings and gears applications. Advanced coating
architectures were designed, following the nanocomposite and
functionally gradient concepts developed by AFRL for acrospace
friction pairs [52-57]. These concept architectures were enhanced
in this study by incorporation of corrosion mitigating multilayer
nanocomposite coatings. Analyses and discussions of the coating
mechanical properties, corrosion resistance and thermal-chemical
synthetic lubricant compatibility on duplex treated coupons made
of 440XH stainless steel and of Pyrowear 675 are provided in this

paper.
2. Experimental
2.1. Hybrid FAD-UBM surface engineering technology

The FAPSID-700 surface engineering system featuring hybrid
FAD-UBM technology is shown in Fig. 1. The FAPSID-700
consists of two dual large area filtered arc deposition (LAFAD)
plasma sources, cach having two opposite primary direct cathodic
arc deposition (DCAD) sources with targets made of the same or
different materials. The LAFAD uses a rectangular plasma-guide
chamber with two pairs of rectangular deflecting coils instalied on
the opposite sides of the plasma-guide chamber, as shown in
Fig. 1. In this work, two primary cathodic arc sources utilizing Cr
and Ti targets were placed opposite to each other on the sidewalls
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Fig. 1. Schematic illustration of ASE’s FAPSID™ surface engineering system. This system utilizes Large Area Filtered Arc Sources (LAFAS) in a Universal Hybrid

Layout with conventional PV sources: (a) — top view, (b) — side view.

of the plasma-guide chamber, surrounded by rectangular deflect-
ing coils, and separated by an anodic baffle plate. The LAFAD
vapor plasma source uses a superimposed deflecting magnetic
field to turn the metal ion flow 90° toward the deposition chamber
and substrates [12,32]. The more massive droplets of material
from the source follow straighter trajectories and are captured on

baffles, resulting in droplet-free coatings. A set of scanning
magnetic coils allows the ion plasma jet to be swept in the vertical
direction so as to cover theoretically unlimited large surface areas.
At the same time, the arc column is well confined by a magnetic
field in the horizontal direction, providing enhanced suppression
of the turbulent plasma diffusion, leading to a significant increase
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in the metal vapor ion yield. By manipulating the arc plasma jets
using strategically placed scanning magnetic coils and auxiliary
anodes, this design creates a “plasma-immersion” environment in
the coating chamber. This technique allows the plasma flux from
different cathodes in a multi-cathode chamber to be uniformly
mixed and completely envelop complex parts. The use of
auxiliary anodes in conjunction with the filtered arc sources
permits extraction of a significant electron current from the arc
source, which provides a highly conductive ionized gaseous
plasma environment provides added versatility for such processes
as ion cleaning, ionitriding, and ion implantation [32]. It was
recently found that LAFAD plasma source can be combined with
other PVD and low pressure CVD plasma sources in a universal
hybrid multi-source chamber layout utilizing plasma flows
generated by different PVD and CVD sources in filtered arc
plasma immersion environment. This concept has been realized in
FAPSID-700 surface engineering system design. In addition to
two LAFAD plasma sources the FAPSID-700 system used in this
work utilizes two unbalanced magnetrons with 102 x 546 x 3.2 mm
B4C rectangular targets. This system is also equipped with two EB-
PVD evaporators and resistive thermal evaporation (RTE) source
all incorporated in one universal chamber layout. A universal layout

provides the capability to deposit combinatorial coatings using -

hybrid LAFAD-UBM processes [34]. The substrates to be coated
are installed into a carousel type multiple satellite substrate
platform, which allows both single and double rotation of the
substrates to be coated. A resistive heater array allows for heating of
the substrates up to 450 °C independently from plasma heating.
The following process parameters were typically used for the
deposition of TICIN/TiCr-TiCrCN bottom segment and transitional
layer by LAFAD plasma source equipped with two (opposite) Ti
and Cr targets. The arc currents were set on approximately 100 A
for both Ti and Cr targets. The auxiliary arc discharge current was
set on 150 A during argon ion cleaning stage and than reduced to
40 A during coating deposition stage. The substrate temperature did
not exceed 350 °C. An Advanced Energy Industrty MDX-II power
supply coupled with a Sparkle-V accessory unit was used as a bias
power supply subsytem. The bias voltage was set at —250 V during
ion cleaning stage followed by — 1000 V during 2 min of metal ion
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etching stage. The reverse time during ion cleaning/etching stages
was setat 2 s at 48 kHz frequency. The bias voltage during coating
deposition stage was set at —60 V DC. The TiCrN/TiCr multi-layer
nanolaminated coating was deposited at 4 x 1072 Pa gas pressure.
Each bilayer in the TiCrN/TiCr multilayer architecture was
deposited during 30 min with 25 min dedicated to TiCrN and
5 min to TiCr sublayers. The rotation speed of the substrate
platform was set at 9 rpm, which corresponds to a 3—4 nm bilayer
thickness in the {Ti based/Cr based} nanolaminated architecture,
taking into account an approximately 1 um/hr deposition rate for
both TiN and CrN coatings. The pure nitrogen was gradually
changed to N/40%CH, during a 40 min deposition of the
intermediate TiCrCN layer. The preliminary set of samples was
prepared with a TiCrC upper tribological segment deposited by
LAFAD, on top of the transition TiCrCN layer using acetylene as a
reactive gas at pressure of 5x 1077 Pa. Additional samples were
produced with an upper layer consisting of TiBC nanocomposite
cermet deposited by a hybrid filtered arc-unbalanced magnetron
process. In this case both primary cathodic arc sources of LAFAD
plasma source were equipped with Ti targets for generating
titanium vapor plasma flow. The magnetron power density was set
at approximately 5.5 W/em?. A small amount of reactive C,H, gas
(acetylene or methane) was added to argon at a total gas pressure of
0.2 Pa. For deposition of multilayer TiBC/iBC (ML) coating
architecture the deflecting magnetic field of the LAFAD plasma
source was cycled off and on every 10 min. In contrast, the LAFAD
deflecting magnetic field was activated continuously for deposition
of the single layer TiBC (SL) coating architecture.

2.2. Duplex multilayer nanocomposite coating architecture

The coating architecture utilized in this work consists of two
segments separated by an intermediate gradient zone as depicted
in Fig. 2. The coating segment in contact with the substrate, the
bond segment, is composed of a TiCrN based multiphase
cermet. Periodic substrate exposure to Ti and Cr vapor plasma
flows (Fig. 1) results in nanostructured ceramic and metallic
layers in the MeC N, _/Me multilayer nanolaminated architec-
ture as shown in Fig. 3a. This provides substructure through a
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Fig. 2. Schematic illustration of the multilayer nanostructured functionally graded coating design used in this work,
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TiBC/ABC coating (c), where TiBC sublayers have the same nanocomposite structure as single layer TiBC coating shown in figure (b).

superlattice with a bilayer period at the nanometer scale. The
bond layer substructure further improves toughness and stress
management and is widely employed for corrosion resistant
applications {5-7,10,25-30]. Simultaneously, the structure of
the bond coating segment provides good adhesion and
toughness, and can apply extensive compressive stresses to
the substrate surface, made of chromium enriched carburized
stainless steel such as Pyrowear 675. Using chromium-based
cermet sublayers for enhancing coating adhesion is a well-
known approach especially suitable for carbide, DLC, and Me-
DLC coatings [25,28,31-34].

The upper segment, composed of TiBC nanocomposite cer-
met, was produced in two forms: as a single layer (SL.) and as a
TiBC/iBC multilayer (ML) structure utilizing TiBC layered with
boron doped DLC layer as illustrated in Fig. 3b, c. This low
friction coating is capable of operating in dry friction conditions
as a solid lubricant material [2,27]. Adding boron carbide to the
multi-phase tribological coating can improve corrosion resistance
and thermal-chemical compatibility with lubricants at elevated
temperatures. Sputtered boron carbide coatings are commercially
produced and recommended for automotive gears operating
under high frictional loads, molds, and cutting and forming tools
[38-407. In addition, boron carbide, as well as many other phases
forming in a Ti~B~C system, is known to be chemically inert in
extremely aggressive environments [29].

The intermediate zone, separating the inner and outer coating
segments, consists of a graded composition providing smooth
transition from the nitride-based inner coating segment, to the
carbide based outer coating segment. This structure is tailored
for optimal compatibility and stress management of the adja-
cent layers, This zone enhances the bond/adhesion of the outer
(low friction) coating segment to the inner (corrosion resistant)
coating segment.

Coupons, made of 440XH corrosion resistant martensitic
stainless steel hardened to 62-64 HRC, were used during the
preliminary experimental study. The 440XH coupons 6.4 mm
diax3.2 mm thick with duplex treatment utilizing ionitriding

followed by a multilayer corrosion resistant tribological coating
were prepared in a single plasma immersion vacuum cycle in
the FAPSID-700 surface engineering system. When tests
confirmed that the desired characteristics were obtained on
the 440XH coupons, final trials were prepared on 254 mm
diax 6.4 mm thick disk coupons made of carburized Pyrowear
675.

2.3. Basic coating properties characterization techniques

Coating properties were characterized by variety of techni-
ques. The following methods were used to determine the film’s
properties:

(1) The coating thickness was measured by a spherical wear
scar (Calotest™) technique.

(2) The thickness of the ionitrided layer was determined by
etching for 4 min in Nital followed by measurement using
reflective optical microscopy.

(3) Adhesion characteristics were determined using a Rock-
well C 1450 N indentation test method specified by
Diamler Benz. Its classification scheme, based on a HF1-
HF6 scale, with a HF | rating being the best is shown in
Ref. [36].

(4) A shank of a coated dental instrument was sheared by a
standard ductility test device at different locations, and the
coating delaminations around the sheared area were
examined by optical microscopy. This test was also used
for the measurement of ductility of the steel shanks.

Methods (1), (2) and (3) were applied to coated witness-
coupons, since they require flat well-polished surfaces, while
method (4) was used for evaluation of adhesion on coated round-
shape dental instruments of different grades.

(5) Scanning electron microscopy (SEM), high resolution
transmission electron microscopy (HRTEM) and reflective
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optical microscopy were used to examine morphology of
films and instrument surfaces. The backscattering electron
imaging (BEI) technique, which displays surface compo-
sition, was found to be beneficial for examining wear lands
on coated instruments. In order to prepare specimens for
HRTEM evaluation, it was decided that specimen prepa-
ration would be more efficient if the two samples were
mounted with the coatings face-to-face so that both could
be prepared simultaneously. Therefore, sections of each
sample were cut about 2 mm wide and 10 mm long to
contain the wear track in the center of the sample, the
samples were glued face-to-face, the thickness of the
composite was reduced to fit into a 3 mm (1.D.) tube, and
0.25 thick slices approximately 3 mm in diameter were cut.
Slices were mechanically polished on one side using 1 m
BN paste, glued to a molybdenum support washer and
dimple ground on the other side using 1 pm BN paste
leaving a sample thickness less than 15 um. Gluing ope-
rations used a thermal setting epoxy that requires heating to
~ 150 °C for a few minutes. Final thinning was by argon ion
milling using a Precision Ion Polishing System (PIPS) from
Gatan, Inc. operating at 5 KeV and a sputtering angle of 6°.
Transmission Electron Microscopy (TEM) was performed
on a JEOL 2010F with a field emission gun operating at
200 KeV. Scanning Electron Microscopy (SEM) was
performed on a JEOL 840 operating at 40 KeV.

(6) Surface profile was evaluated by atomic force microscopy
(AFM).

(7) XRD technique was used to identify phase composition in
the coatings.

Further evaluation of adhesion and spallation resistance of the
coatings was characterized by scratch testing with acoustic
emission spectrometry. Adhesion and toughness of the coatings
were evaluated with a CSEM scratch tester at AFRL, using a
0.2 mm diamond tip with a constant speed of 5 mm/min on the
coating surface. The applied load was linearly increased up to
200 N with a rate of 50 N/min. The burst of acoustic emission was
used to determine crack developments and gave a lower critical
load for an estimation of the coating cohesion strength. The
change of tangential friction force was used to determine pene-
tration to the substrate and give an upper critical load for esti-
mations of the coating adhesion strength [37]. Observations of the
scratch paths were used to verify acoustic and friction force data.
At least five scratches were performed for each coating and results
were averaged to keep an experimental uncertainty within £5 N.
Wear track profiles were investigated with Tencor P-10 contact
profilometer, taking scan images of the track segments and
calculating depth and width of the produced tracks.

The magnitude of residual coating stress was determined from
the change in radius of curvature of Si wafers before and after
deposition, using the Stoney equation [38] and assuming wafer
elastic modulus of 180.5 GPa. A Tencor FLX-2320 thin film stress
measurement system was used. For each coating, at least three
measurements were performed and results were averaged.

The mechanical properties of coatings were investigated by
nanoindentation measurements using an MTS Nanoindentor XP

system with a Berkovich diamond tip. Indentations were
performed to a 500 nm displacement depth limit. The hardness
and elastic modulus measurements were performed using a
continuous stiffness monitoring mode (CSM) and applying a
small amplitude tip oscillation. For all coatings, data was
averaged over depth ranges when hardness and elastic modulus
had minimum variations (exhibited plateaus) as a function of
indentation depth to minimize both surface and substrate effects
[39]. Ten indents were performed for each of the coatings and
the results were averaged. Effective Young's modulus £*=E/
(1 *nZ), where n is Poisson’s ratio of 0.2, and resistance to plastic
deformation (H'/E*?) was calculated from obtained hardness
(Hyand Young’s modulus (£) data as in Ref. [60]. With cach data
set indentations into a fused SiO, standard were performed to
ensure that the nanoindentation system remained calibrated.

Coating composition was analyzed by SEM/EDS and RBS
techniques. E-beam energy of 9 kV was used for EDS analysis.
In case of thin (<1 um) coatings the elements from the
substrates were subtracted from EDS spectra. lon beam analysis
of the samples was performed using 3 MeV tandem accelerators
at the Environmental Molecular Sciences Laboratory (EMSL) at
Pacific Northwest National Laboratory (PNNL). Rutherford
backscattering spectra (RBS), for the compositional analysis of
the coatings, were recorded using a 2.5 MeV beam of He ions
with a 7° incident angle and 75° measured from the sample
normal. Backscattered ions were collected using a silicon
surface barrier detector at a scattering angle of 160°, with an exit
angle of 40° from the sample normal. Hydrogen composition in
the coatings was recorded using 2.5 MeV beam He" ions with
an angle of incidence of 75° from the sample normal. Since
hydrogen is lighter than He, it can only scatter in the forward
direction; therefore, a silicon barrier detector was placed at a
scattering angle of 30° with a 10 um Al foil in front to stop the
He particles from entering the detector. Because the Rutherford
cross sections are more sensitive to heavier elements, B and C
2.5 MeV protons were used. At this proton energy, the
scattering cross sections for B and C are non-Rutherford [40],
producing enhanced scattering yields for these two elements.
Finally, elemental compositions were determined by comparing
SIMNRA computer simulations of the spectra obtained with the
original data [41]. The spectrum was modeled in such a way that
same composition fits all the spectra taken from the same
sample with different beams. In addition, X-ray photoelectron
spectroscopy (XPS, PHI Model 5600ci, Casa XPS Analytical
Software) was performed to determine the concentrations and
binding status of Ti, B and C within the TiBC coatings. XPS
spectra were obtained after removing the surface layer of
samples by sputtering with Ar" ions (3 keV, 15 nA) for 15 s and
the spectra were calibrated for the value of the carbon peak C1 s
at 284.5 eV. '

3. Results

Post deposition AFM analysis demonstrated that surface
roughness does not change substantially even after deposition of
relatively thick (3—5 pum) TiCrCN/TiCr multilayer coatings. The
LAFAD-UBM TiBC coatings with both ML and SL architectures
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Fig. 4. Cr and Ti X-ray maps of a coating segment bottom bond coating segment showing systematic layers with reduced Cr levels and enhanced Ti levels. Note: the

layers with low Cr and enhanced Ti signals are spaced at approximately 100 nm.

also demonstrated extremely smooth surface profiles. The 1 um
thick TiBC SL coating surface on Si wafer did not show any
substantial increase in surface roughness relative to the initial
roughness. Minor coating defects were observed as distant
isolated pits. Auger spectra taken from these pits indicated the
presence of a Ca as a likely cause of these surface defects which
was -associated with environmental dust particles.

The nanolaminated multilayer cermet coatings deposited by
LAFAD technology has already been described elsewhere
[33,43]. The micro-laminated structure consisting of TiCrN
sublayers having thicknesses of approximately 100 nm can be
seen in HRTEM mapping shown in Fig. 4. The TiCrN sublayers
are separated by metallic interlayers having a thickness of
approximately 10 nm. The dual-arc LAFAD process exposes the
substrates in turn to Ti and Cr vapor plasma jets resulting in the

formation of a nanolaminated substructure in both TiCrN and
TiCr sub-layers, illustrated by GD-OES spectra presented in
Fig. 5 [33]. A HRTEM image of the nanolaminating substructure
of the TiCrN sublayer in TiCr/TiCrN multilayer cermet coating
used as the first (bottom) coating segment in this work is shown in
Fig. 6. The bilayer period of TiCrN nanolayers results in a
thickness of approximately 2.5 nm, which can be explained by
rough estimation based on the deposition rate for TiCrN/TiCr
coating of about 1 pm/hr for substrates with single rotation
arrangement paths in relation to the deposition sources
[6,32,67,68]. At 9 rpm, substrates make 540 rotations per hour,
which generates 540 biperiods each having thickness approxi-
mately 1.85 nm.

The results of the compositional analysis of the hybrid
[LAFAD-UBM TiBC coatings with different architectures were
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Fig. 5. GDOES spectra of TiCrN/TiCr nanolaminated cermet coating,
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! 100 nm !
Fig. 6. HRTEM image of the TiCtN sublayer of a TiC/TiCtN multilayer bond
coating segment showing systematic nanolayer architecture with about 2 nm

biperiod of TiN/CrN nanometric sublayers deposited by dual filtered arc LAFAD
plasma source with primary cathodic arc sources equipped with Ti and Cr targets.

obtained by EDS/RBS techniques. Typical compositions of the
TiCrCN transitional layer coating and TiBC upper tribological
coating segment with ML and SL architectures are presented in
Table 1. RBS and EDS techniques show similar results when
coating thickness is greater than 1 um. It can be seen that RBS
provides better resolution of light elements. The carbon and
boron concentration in TiBC (SL) and TiBC (ML) coatings are
the same since both coatings have identical exposure to B4C
sputtering by UBM sources and carbon deposition from a HC/
Ar auxiliary arc plasma environment. At the same time, Ti
concentration is reduced in TiBC ML vs. SL coating due to
interruptions of the titanium vapor plasma flow during
deposition of multilayer TiBC coating architecture. The TiBC
coating elemental composition defined by RBS vs. CHy flow
rate for coatings deposited by different combinations of
LAFAD/UBM plasma sources are shown in Fig. 7. Argon
flow rate was constant at approximately 70 sccm, while CHy
flow rate was set to 4 scem, 8 scem, and 16 scem. Further
increase in methane flow rate affects coating integrity: when
CH, flow rate exceeds 18 scem the carbon rich soot appears on
the substrate fixtures and occasionally on substrates, especially
when the substrates are processed with double rotation. Carbon

Table 1
Elemental composition of TiCtCN and TiBC coatings

Coating Elemental Concentration at %

B C N Ti Cr Ar
TiCrCN by EDS 28 27 31 14
| pm TiBC single layer 36/52 50/40 0 10/8 0 4/0
EDS*/RBS
| um TiBC(5 min)/BC 52/52 37/44 0 6/4 0 4/0

(15 min) multilayer
EDS*/RBS
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Fig. 7. TiBC coating elemental composition (at.% by RBS) vs. CHy flow rate.

concentration is increased for the coatings prepared with double
rotation vs. single rotation, which can be attributed to higher
level of exposure of double rotating surfaces to hydrocarbon
plasma environment. The carbon concentration increases, while
concentrations of Ti and B decrease when methane flow rate
increases. The XPS spectra taken from two samples with TiBC
coatings deposited by FAD/UBM process with 8 sccm methane
flow rate show a strong evidence of large free carbon
concentration in the coating in addition to boron carbide
phasc as illustrated in Fig. 8.

Nanohardness (Berkovich) was measured for selected
P675 coupons with different TiICrCN+TIiBC coatings. An
example of the nanoindentation data obtained with a CSM
mode is shown in Fig. 9. From this figure, data was leveled at
indentation depths between 100 and 300 nm for both hardness
(Fig. 9a) and elastic modulus (Fig. 9b). This analysis helped to
select indentation depth regions for data averaging when both
surface and substrate effects on the indentation response were
minimized. The average H and E values were obtained in a similar
way for all coatings and results are summarized in Table 2. It can
be seen that the hardness of the TiCrCN bottom coating segment
is about 20 GPa, which is slightly less than the hardness of TICN/
Ti multilayer coatings deposited by LAFAD technology
(~25 GPa [33,43]). These results are in agreement with the
data obtained by load-displacement method in [44] for the same

Cis

) L . 3 "
295 2031 201.2 2893 2874 2855 2836 2817 2798 2778 278
Binding Energy (aV)

Fig. 8. X-Ray photoelectron spectrum showing carbon peak from typical TiBC
coating. Note: ~70% of carbon is bound to itself (amorphous C matrix),
whereas ~30% is B4C (embedded nanocrystallites). Courtesy of Jim Anderson.
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Fig. 9. Examples of nanoindentation data for a) hardness and b) elastic modulus
obtained with a continuous stiffness monitoring mode for a TiBC (SL) coating
on Pyrowear 675 substrate. Average values of hardness and elastic modulus
were calculated over indicated range where their dependence on the indentation
depth was minimized. Individual curves represent repeated indentations in
different sample locations (only five are shown for clarity).

type of coatings. The nanohardness for two-segmented TiCrCN
+TiBC coating is higher, ranging from 23-25 GPa. The
nanohardness results for relatively thin (0.3-0.5 um) coatings
on Si wafer substrates are influenced by substrate deformation
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(indentation depth 500 nm), which explains the observed lower
absolute nanohardness values for these coatings in comparison
with 25 GPa for relatively thicker (~1.5 um) TiBC coatings
deposited on Pyrowear 675. The substrate effect is further
emphasized by the consistent trend towards lower nanohardness
in double rotation samples, which have ~60% coating thickness
versus single rotation samples. Nevertheless, nanohardness
results from each coated sample can be correlated to the vapor
process combinations and hydrocarbon flow rates. Results show
that control of hydrocarbon flow rates during coating deposition
has a marked effect on the resulting coating nanohardness with the
highest nanohardness of 25 GPa and 18.4 GPa on Pyrowear 675
and Si respectively for TiBC at 8 scem CHy, followed by slightly
lower nanohardness of 17.7 GPa on Si results for a B4C coating
deposited without hydrocarbon gas addition. The calculated value
of H?/E** which has been shown to be related to resistance to
plastic deformation and coating toughness [83,84] was found to
be in the range of 0.060 GPa-0.167 GPa for the deposited
coatings, and also dependent on hydrocarbon flow rate, with the
highest value of 0.167 GPa demonstrated for the TiBC
architecture at 8 sccm CHy.

During initial development of TiCrN/TiCrCN/TiCrC coat-
ings, adhesion by Rockwell C (1450 N) indentation testing
revealed that the bottom TiCrCN coating deposited by LAFAD
process maintained high adhesion in all cases, while top
segment thin TiCrC carbide layers showed frequent delamina-
tion (HF5HF6). Adhesion testing of the TiCrCN+TiBC coat-
ings by Rockwell C (1450 N) indentation, revealed much higher
adhesion of the top TiBC layer (HFIHF3) as compared to
TiCrC top layer, and as a result TiBC coatings were selected for
further development with (SL) vs. (ML) architectures as the
primary variable, It was found that TiBC (SL) in most cases
demonstrated better adhesion than TiBC (ML). The TiBC/BC
multilayer structure was found to exhibit interlayer delamina-
tion failure at multilayer interfaces. The worst adhesion was
found on samples having a TiBC/BC multilayer ~1.5 pm
segment followed by a TiBC ~1.5 um segment (HF6
delamination to 2x radius of the indent). The combined
adhesion results demonstrate that the maximum thickness of
the top TiBC layer is limited to approximately 11.5 pm, due to
high stresses in this nanocomposite coating. Conversely, the
thickness of the bottom TiCrCN segment does not appear to be a

Table 2
Hardness, elastic modulus and resistance to plastic deformation parameter (H 3/ E*%y for coatings deposited by hybrid LAFAD/UBM process vs. process parameters
Coating TiCIN (LAFAD TiBC (SL) TiBC (ML) TiCrC TiBC TiBC TiBC BC TiBC
e SOUTCE ON]Y)
(Gas, flowrate) (CHg, 8 sccm) (CHy, 8 sccm) (CH4, (CHy, (CHy, (CHyg, (CHa, (CaHs,
8 scom) 4 scem) 8 scom) 12 scem) 0 scem) 4 sccm)
Rotation SR SR SR SR DR SR DR SR DR SR DR SR DR SR DR
Substrate Pyrowear 675 Pyrowear 675 Pyrowear 675  Si Si Si Si Si Si Si Si Si Si St Si
carburized carburized carburized
Residual -0.17 <=1 <=1 <1 <= <=1 <-] <=1 <=1 <~ <-| <=1 <=1 <=1 <~|
stress [GPa]
H [GPa) 21 25 24 145 127 160 146 184 164 127 112 177 141 154 113
E [GPa] 325 285 179 169 197 174 181 178 176 143 185 183 179 139
H?/E*? {GPa] 0.14 0.16 0.084 0.063 0.093 0.090 0.167 0.122 0.058 0,060 0142 0.074 0.100 0.069

98



Table 3
Summary of scratch test results for selected TiCrCN+TiBC coatings on
carburized pyrowear 675

Sample description

TiCiN 1.3 um* TiCrN 1.3 pum TiCeN 1.3 um
TiBC (SL) | um**  TiBC(SL) 1 um  TiBC (SL) | pm
Lower critical ~ 47+/—11 30+/-3 23+/-2
load (N)
Upper critical 124 +/-3 122+4/-8 113 +/—4
load (N)

*Bottom segment, **top segment.

significant variable in terms of the overall two-segment coating
adhesion. Acoustic emission scratch test results supported the
Rockwell indentation results by exhibiting large variations
between upper and lower critical load values, indicating initial
top segment failure. Measured lower critical load values
correlated to initial fracture and delamination of the top segment
architecture from the bottom segment. Complete coating failure
and removal from the scratch track was measured as an upper
critical load value. Excellent adhesion was indicated by upper
critical load values that were consistently measured between
100 N to 120 N. The best lower critical load values were
demonstrated by TiBC(SL) top segment architectures. Inde-
pendence from top segment architecture in upper critical load
measurement was observed, which indicated that measured
upper critical values represented bottom segment adhesion. A
summary of the scratch test results obtained by AFRL is shown
in Table 3.

4. Discussion

Carbon rich carbides are well known for their ability to
combine high wear resistance with low friction at high contact
loads, which make them attractive for machine parts applica-
tions like gears, bearings, shafis, etc. [14-18,26,35]. In
nanocomposite coatings deposited by FAD/UBM process, the
hard amorphous carbon matrix, similar to DLC coatings
consisting of a highly cross-linked network of carbon atoms,
formed under high fluxes of ionized atoms conveyed by the
plasma to substrates [9-25]. Using co-deposition of MeC and
carbon from two or more sputtering or evaporating sources in
addition to dissociated hydro-carbon reactive gaseous plasma
can achieve the highest functional properties, while processing
at relatively low temperatures, and without significant hydrogen
concentration in the process gas environment [16,17,35]. Boron
forms hard and corrosion resistant compounds with titanium,
chromium and carbon, which are widely used for surface
engineering and in the cermet industry [11-18,27,29]. Incor-
porating hard phases of transitional metal carbides and borides
within the amorphous carbon matrix controls stresses and
increases wear resistance and critical load, while retaining low
friction [8,10,11,21,23]. It allows the improvement in coating
toughness, while retaining a relatively high hardness compara-
ble to conventional hard cermet coatings.

The extreme conditions near the substrate surface created by
metal-gaseous ion bombardment (multi-charged metal ion
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energies ranging from 40 to 200 eV) result in high-energy
dissipation at localized collision areas on the substrate surface
[45,75,78]. During a very short time period, associated with
energy relaxation of ions bombarding the growing film, the
equivalent temperature in these arcas can substantially exceed
the bulk substrate temperature. Effectively, a dramatic increase
in ion-substrate interactions and chemical reactivity is realized.
In this environment, new compounds form at rates which
surpass those predicted by the associated Arrhenius rate laws at
the bulk substrate temperature [10-14,45.75,78,79]. In the
FAD/UBM TiBC coating deposition process, individual sources
of Ti, B, C are separately controlled. In addition, the selected
positioning of these sources in the FAPSID chamber layout
permits substrate exposure to different deposition vapor flows
(e.g. Ti, B, C) during the coating process (Fig. 1). In case of
single rotating substrates, Ti plasma vapor is conveyed directly
towards the substrates from LAFAD plasma source and
indirectly by resputtering of Ti from the UBM target surfaces.
B and C species are co-sputtered from the UBM sources. In
addition, carbon and carbon containing CH, radical species are
generated as dissociation products from methane-containing
gaseous plasma atmosphere. The dual rotating substrates
experience increased exposure to gascous carbon-containing
plasma compared with single rotating substrates, which results
in lower concentrations of Ti and/or B within these films
(Fig, 7). During exposure to methane-precursor gaseous plasma
only, the conditions are favorable to the formation of diamond-
like carbon [75,79]. With the intense ion-bombardment inherent
in the FAPSID system, the sp*/sp” ratio within the resultant a-C
coating increases. When Ti and/or B sources are employed in
conjunction with the a-C plasma deposition environment,
multiple Ti-B-C containing crystalline phases form depending
upon the substrate position within the FAPSID system. The
XRD patterns presented in Fig. 10 illustrate this occurrence.
Peaks identified in these patterns demonstrate the coexistence of
strongly crystallized TiB, with weakly crystallized Ti,B,C,
solid solution phases in the FAD/UBM coatings. The sharp TiB,
peak indicates strong crystallinity compared with the relatively
broad peaks of the Ti,B,C, solid solution phases, indicating the
nanocrystalline nature of the solid solution constituents. The
exact composition of this ternary solid solution resembles the
(B12)4Tij 36C5 ternary phase having a tetragonal boron structure
described in [80]. The near-surface conditions of intense ion
bombardment in the FAD/UBM process may also permit
formation of other refractory crystalline phases, e.g. TiC, TiB,
B4C and their nonstoichiometric forms; however, due to the
extremely small crystallite sizes, these phases will remain
undetected via XRD.

Thermodynamic modeling was employed to assess the
favored phase compositions of FAD/UBM TiBC coatings.
Thermodynamic equilibrium calculations were used to simulate
favored mixtures of individual phases and solid solutions at
elevated temperatures in the Ti-B-C based coatings. According
to the second law of thermodynamics, for the calculation of
phase equilibrium in isolated multicomponent system, contain-
ing gaseous phase components, immiscible condense phase
components and solid solutions, it is necessary to maximize the
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Fig. 10. XRD spectra taken from two samples with TiBC nanocomposite cermet
coating deposited by two different FAD/UBM processes with different methane
flowrates. (a) - Sample No.41 (8 sccm CHy): Ti(6 at.%)C(53 at.%)B(26 at.%);
(b) ~ sample No.49 (0 scem CHy): Ti(15 at.%)C(15 at.%)B(25 at.%). Note: PDF
card numbers used to identify peaks: TiBy: 35-0741; (B12)4Ti; g6Co: 73-0658.

total entropy of the system. This can be presented in the
following form [46]:

k
S = Z S(D “n; + Z S "Ny + Z ZA xqMxq

e e

k S9-Roln »-—-MR“ i +}Rj S0
= - 1y n
' 0 Y x

j= r=1

X
+y
x=1
where k is the number of gas phase components; R is the
number of a single immiscible condense phase components; X
is the number of solid solutions; (O, is the number of
components in a solid solution x; S is the entropy of gas
phase component i at the partial pressure p;=RoTn;/v, which it
will have in the equilibrium state; v is specific volume of the
entire system; $Y is the standard entropy of gas phase
component i at the temperature 7" and pressure of 1 atm; S is
standard entropy of a single condense phase component 7,
which is a function of temperature only; Sﬁq is standard entropy
of the component ¢ of the solid solution x.

o
(S_?Q—Rln( feg/ nx)) g
=1

V. Gorokhovsky et al. / Surface & Coatings Technology 201 (2006) 3732-3747

To determine the parameters in the equilibrium state it is
necessary to find the values of all variables, including mole
fractions of all components when the entire entropy of the
system S reaches its maximum with certain additional
conditions applied on the system. These additional conditions
include: the conservation of the total internal energy of the
system, as the system is isolated; the conservation of the total
mass of all components of the system; and electroneutrality
condition:

-U 4‘}: Uy + Z Uy, + }: }: Uy 1yg = 0;

X q——f
IL‘R+A/
) = § a;n;, (,] = l,2 m E el == *
=1

where U is the total internal energy of the system, U, U,, Uy, —
are internal energy the gas phase components, single immiscible
components of condense phase and components of solid
solutions respectively; b; — mole fraction of the element j in
the system; a;;, a.; — stoichiometric coefficients. In case of a
regular solution model, the partial enthalpy of mixing has to be
added to the total internal energy of solid solutions in addition to
the internal energies of components. In the ideal solution model
used in this work the enthalpy of mixing is assumed to be zero,
In addition, the normalization conditions have to be satisfied for
each of the solid solutions:

Or

120, 20, (x=12,..X)

To perform these calculations, the thermodynamic equilibrium
code, TERRA was employed. TERRA is a recently developed
‘version of the ASTRA code, which was used extensively for
thermodynamic modeling in Eastern Europe during the 1980s—
1990s [46]. Its database includes most of the refractory
compounds properties compatible with SGTE and JANAF-
NIST databases [47,48,69]. Various models of the Ti-B-C

C+B,C+TIB,

40 /
TiyBs

TiB C+TIC+TIB,
TIC+TIB+TiB,+TiyBy
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THTIC+TIB
Ti ¥4 0
0 20 40 TIC 60 80 & (mol.%)
Fig. 11. TiBC ternary phase diagram at 7=700 K, p=0.1 Pa.
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system were prepared within the temperature range of 300 °C to
1100 °C at a constant pressure of P=10"2 Torr. These conditions
closely resemble those of the hybrid FAD/UBM TiBC coating
deposition process, which provides intense ion bombardment
during coating material vapor condensation. A calculated ternary
phase diagram of TiBC system at 700 K and 0.1 Pa (typical FAD/
UBM TiBC deposition conditions) is shown in Fig. 11. This
calculation takes into account the individual stoichiometric
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Fig. 12. Thermodynamic modeling results (see detailed modeling parameters in
Table 4): a — high boron composition, no solid solutions, with bC ([3-Graphite) as
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carbon phase; ¢ — high boron composition, solid solutions with bC+dC solid
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bC +aC solid solution as the free carbon phase; ¢ - low boron composition, solid
solutions with bC +aC solid solution as the free carbon phase.
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Fig. 12 (continued).

compound phases only, which can be considered as a zero-
order approximation, providing that it does not take into account
solid solutions in the TiBC system. The Ti;B4 phase was not
included in this calculation. The data associated with this phase is
shown in Fig. 11 as it appears in the modeling iagram, calculated
by Gusav et al. [49]. The results show that titanium diboride
coexists either with TiC or with B4C. Free carbon (R-Graphite
phase) co-exists with both TiB,+B4C and TiB,+B4C composi-
tions. No ternary TiBC compounds are found in this system. This
phase composition exists in wide range of pressures (1 MPa-
0.1 Pa) and temperatures (up to 1800 K). These results are in a
good agreement with more précised calculations and experimen-
tal data with exception of very narrow area boarding between
{TiB,+TiC+C} and {TiB,+B4C +C} areas where TiB; coexists
with TiC and B4C, which took into account non-stoichiometric
compounds and solid solutions as well as phase diagrams based
on experimental data [49-51,69,72-74,86]. Similar results were
obtained recently for B—C-N coatings deposited by reactive
magnetron sputtering [71]. In this case, the ternary compounds
were found to be a small impurity in amorphous films composed
of boron, carbon and nitrogen and contained B==C, B==N, C=N,
C=C covalent bonding.

Further calculations were performed with different potential
solid solution compositions presented in the TiBC elemental
system. These calculations were based on ideal solution model
as a first-order approximation. This included modeling of
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diamond-like carbon phases, whose formation is induced by
high compressive stresses and thermal spikes from co-incidental
ion bombardment of the growing film, These created conditions
for the formation of high pressure sp® coordinated (diamond
like) phases such as tetrahedral amorphous carbon in addition to
sp” coordinated (graphite like) carbon [73.78,85]. Two ap-
proaches were used for modeling such amorphous carbon mix in
the TiBC system. In the first approach, amorphous carbon was
modeled as an ideal solid solution including (3-graphite (bC) and
diamond (dC). In the second approach, free carbon was modeled
as an ideal solid solution including B-graphite (bC), having
enthalpy of formation H(bC)=0 as the basic elemental phase,
and a hypothetical amorphous carbon (aC) carbon phase, having
enthalpy of formation H{aC) ranging from 200 to 1000 J/mol K
while other thermodynamic parameters (entropy, specific heat
capacity) where taken equal to that of graphite. Thermodynamic
properties of diamond phase were taken from Refs. [70,81].
Examples of typical results from these calculations presenting
phase composition vs. carbon content are shown in Fig. 12a—e.
The elemental compositions chosen for this modeling resemble
the experimental results from the hybrid FAD/UBM TiBC
coating deposition processes, as shown in Fig. 7. Two sets of
elemental compositions were considered in these calculations:
one with higher boron content; and another one with lower boron
content. These sets describe two experimental situations in the
FAD/UBM process: when the substrates to be coated are
positioned near titanium LAFAD vapor plasma source (lower
boron concentration in the coating); and, when the substrates
are positioned near UBM sputtering source with B4C targets
{(higher boron concentration in the coating). The set of com-
pounds and solid solutions used in these calculations are pre-
sented in Table 4. It includes solid solutions of carbon in carbides
and TiB,, binary solutions of carbides and borides, solution of
boron in B4C, and solution of titanium in TiC and in TiB,. TiB2/
B and TiC/B solutions were not included since boron has very
low solubility in TiB; and TiC at temperatures below 2000 K
[68,72-74,86].

The compositions in Fig. 12a assumed that 3-Graphite (bC)
is the only free carbon phase and there are no solid solutions of
carbon in carbide phases. It can be seen that in all cases TiB,
and B4C phase concentrations decreased when the free carbon
concentration increased. The concentration of TiB, was much
greater than B,4C. The TiC phase did not co-exist with TiB; and
B4C when the elemental composition with increased boron
concentration is considered. This result is in good agreement
with the ternary phase diagram (Fig. 10). The results of
calculations shown in Fig. 12b used the same elemental
composition as in Fig. 12a, but 16 binary ideal solid solutions
were taken into account (see Table 4) and free carbon was
allowed to form solid solutions with other phases. From the
calculation results, only two solid solutions could co-exist:
TiB,/C and B4C/C. No independent stoichiometric phases are
thermodynamically favorable along with corresponding solid
solutions. In this case all the carbon formed solid solutions
with Ti and B and carbon solubility increased with carbon
content. In this model, the carbon solubility reaches levels
which are much above the known solubility of carbon in B4C
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Table 4
Phase composition considered in thermodynamic modeling of the TiBC coatings
(Fig. 12)

Fig. 128 Fig. 12b Fig 12¢ Fig. 12d  Fig 12¢
Ti/B (mol/kg) 2.8/1.6 2.8/1.6 2.8/1.6 2.8/1.6 2.8/0.5
Stoichiomerric phases
B4C X
TiB: X
TiC X
bC (3-Graphite) X
Ideal binary solid state solutions
bC+al X X
bC+dC X
bC+B4C X X X X
bC+TiC X X X X
bC+TiB, X X X X
TiB+TiB, X X X X
TiC+TiB, X X X X
BC+TiB, X X X X
TiC + B4C X X X X
Ti+TiB X X X X
Ti+TiC X X X X
Ti+B4C X X X X
B+ B4C X X X X
B+TiC X X X X
B+TiB, X X X X
TiB +TiC X X X X
TiB+B4C X X X X

Note: bC-B-Graphite (H:=0); aC-hypothetical amorphous carbon phase with
increased C==C bonding energy (H;=200+1000 Fmol K); dC-diamond
(H= 1895 J/mol K {81], Cp is taken from Ref. {70]).

and TiB, from prior phase diagram calculations and experi-
mental data [50.71].

As a further model development, a substantial increase of sp’
bonds in the amorphous carbon matrix was taken into account
and the free carbon phase in the coating was modcled as an ideal
solution of 3-graphite (bC) and diamond which has the highest
enthalpy of formation of all carbon phases. The calculation
results shown in Fig. 12c¢ used the same elemental composition
(higher boron) as in Fig. 12b, including the 16 solid solutions as
considered in Table 4 in addition to a graphite—diamond
solution. These results are similar to the results presented in
Fig. 12a with a clear increasing trend of the free carbon phase
concentration, and a decrease of TiB,/C and B,C/C solid
solution concentrations with increase of carbon content.
However, in Fig. 12¢, the solubility of carbon does not exceed
20%, which agrees with data on carbon solubility in these
compounds. The concentration of sp® coordinated carbon in the
amorphous carbon matrix is below 30%. For more realistic
simulation of the amorphous carbon phase formed by vapor
condensation with ion bombardment, the following considera-
tions were taken into account. The amorphous carbon coatings
formed by sputtering of carbon containing targets and
dissociation of C~H gaseous species under condition of intense
ion bombardment consists of small concentration of hydrogen
along with a mixture of sp’, sp” and sp> bonded carbon atoms
[75.78]. The lattice energy of amorphous carbon (aC) is con-
siderably smaller than in diamond, and can be placed between
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diamond and graphite with more diamond-like properties
associated with aC coatings having higher concentration of
sp” bonded carbon and more graphite-like properties associated
with aC coatings having lower concentration of sp’ bonded
carbon atoms [75,85]. This consideration allows formulation of
an amorphous carbon model as a solid solution, including
graphite and hypothetical amorphous carbon aC phase having
higher lattice energy than that of graphitic carbon. Fig. 12d
represents the results of thermodynamic calculations, where
amorphous carbon matrix was modeling as a solid solution
including -Graphite (bC) and hypothetical amorphous carbon
phase (aC) having enthalpy of formation ranging from 200 to
1000 J/mol K., while other parameters of this phase where taken
the same as that of graphitc. The results obtained in these
calculations show that aC solubility in bC/aC modeling solution
decreases from 50% to 40% when the enthalpy of formation of
the aC phase increases from 200 to 1000 J/mol K. In addition,
the results of calculations show that variation of the enthalpy of
formation of aC carbon phase appears to have little influence on
the solubility of carbon in B,C/C, TiB,/C and TiC/C solid
solutions. Taking into account the lack of direct experimental
data of amorphous carbon binding energies in TiBC coatings,
the enthalpy of formation of aC atoms when modeling the C/aC
solid solution was taken as H{aC)=200 J/mol K for further
calculations. In this case, the free carbon constitutes near equal
amount of graphite and amorphous carbon phase, which appears
to be more realistic than the graphite/diamond solution model.
The solubility of carbon in TiB, and B,C at temperatures less
than 1000 K does not exceed 15% and 25% respectively. These
results are in good agreement with theoretical and experimental
data [49--51.68,72-74.86].

The calculation results for the TiBC system with lower boron
amount, using the same model, including 16 binary solutions in
addition to the bC/aC solid solution (representing the free
carbon phase), are presented in Fig. 12c. The difference
between results presented in Fig. 12d and e is that TiC replaces
B4C when the boron concentration is low. The concentration of
the TiC/C solid solution is nearly equal to the concentration of
TiB,/C solution. The carbon solubility in TiC does not exceed
18%, and slightly increases when carbon content increases.
These results are also in good agreement with experimental data
and theoretical calculations [68,72-74.86]. These results
provide validity for the chosen set of solid solutions including
free carbon modeling in the thermodynamic modeling
calculations.

These models show that in all cases, a relatively high
concentration of TiB, is present throughout all ranges of
parameters representative of the FAD/UBM coating deposition
process. TiB, co-exists either with B4C (higher boron concentra-
tion) or with TiC (lower boron concentration), in agreement with
ternary phase diagrams. More detailed calculations revealed that
B,4C and TiC phases coexist (in low concentrations) in a relatively
narrow Ti concentration window - in the transition zone between
B4C, as the sole carbide phase, and TiC as the sole carbide phase.
These modeling results agree with those produced previously,
including the phase diagram of nonstoichiometric Ti-B-C
compounds [49-51,69,71]. It was shown that small B addition

(<1 at.%) creates disordering in TiC, resulting in the formation of
titanium borides (TiB, TiB,, and Ti;B4). At high boron
concentrations, TiB, coexists with B4C and free carbon. At
high Ti concentrations, titanium borides coexist with free carbon
and TiC, which replaces B,C in a titanium enriched TiBC
composition. This occurs in a wide range of temperatures (500—
1800 K), where the phase diagram has two well-defined areas:
one with predominately TiB,+TiC; and another with predomi-
nately TiB,+B4C, and possible solid solutions [49-51]. The
results of thermodynamic modeling assist in the interpretation of
XRD patterns from the TiBC coatings in this study (Fig. 10).
During the deposition, the substrates are exposed to Ti, C and B
containing metal-gaseous vapor plasmas depending upon the
position of substrates in the FAPSID system chamber (e.g. either
near the LAFAD titanium plasma source, or UBM boron—carbon
sputtering source). This provides continuous formation of the
most stable (TiB,) crystalline phase and smaller concentrations of
complex Ti-B~C solid solutions, embedded within a quasi-
amorphous matrix formed by Ti and B doped diamond-like
carbon.

Increase of the elemental carbon concentration in the plasma
environment due to increase of the flowrate of C-H gas
concentration (methane or acetylenc) results in the increase of
free carbon and a decrease of carbide and boride based solid
solutions of the TiBC coating segment since the carbon
concentration in solid solution cannot exceed the solubility
limit. These results are in good agreement with experimental data
presented in Figs. 7 and 8, which provide evidence for the
existence of free carbon in TiBC coatings deposited by hybrid
FAD/UBM technique. Similar results were obtained for deposi-
tion of boron carbide coatings by magnetron sputtering with
addition of methane, where the amount of boron in coatings was
decreased and carbon concentration was increased with the
increase of CHy gas flow [27,77].

Different phase compositions of the deposited TiBC top
coating segment have different mechanical properties. Opti-
mizing the concentration of the hard boride and carbide phases
in the carbon matrix allows control of the coating hardness, as
illustrated in Table 2. The maximum hardness was achieved
with the increase of the concentration of C—~H gas (8 sccm for
methane or 4 scem for acetylene) which can be explained by
contribution of titanium based borides and carbides into the
ternary Ti~B~C coating. The Resistance to Plastic Deformation
Parameter (RPDP) H°/E** also reaches a maximum value
when the methane flowrate is at 8 scem. It should be noted that
greater values of the RPDP parameter do not always correlate
with actual wear or fracture resistance performance of coatings.
There are a number of ways of toughening coatings such as
nanostructuring, grain size optimization, composition and
structure grading as outlined in Ref. [82]. The free carbon
content reduces coating stresses, allows control of coating
toughness and reduces the negative effect of high brittleness
inherent in coatings composed of the hard carbide and boride
phases. This could explain the results of the Rockwell C
indentation and scratch adhesion testing. Addition of free
carbon can also contribute to lower friction and higher wear
resistance of the top coating segment [14,27.77].
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From Table 2, coatings deposited with single rotation exhibit
higher hardness then those deposited with double rotation and
having higher carbon concentration. It has to be noticed that
coating structure and morphology are different between TiBC
coatings prepared with single and double rotation, which can
influence functional properties of the coatings such as adhesion
and hardness. Coatings deposited with double rotation have
greater roughness than coatings deposited with single rotation.
In addition to differences in chemical composition, FAD/UBM
TiBC coatings deposited with double rotation are subjected to a
lower flux of energetic titanium ions generated by LAFAD
plasma source in comparison fo the coatings deposited with
double rotation. This leads to reduction of adatom mobility at
low deposition temperatures, resulting in favorable columnar
growth according to Thorton—Messier zone diagram [11]. This
observation is also in agreement with results obtained in [76].

5. Conclusions

Multilayer nanocomposite cermet coatings have been devel-
oped which consists of two segments: the bottom multilayer
nanolaminated TiCr/TiCrN bondcoating corrosion resistant seg-
ment, interfacing the steel substrate followed by a top tribological
TiBC segment. The metallic interlayers in the TiCr/TiCrN bottom
segment contribute to the increase of corrosion resistant properties
as well as improvement in coating adhesion and toughness. The
TiBC nanocomposite top coating segment consists of titanium
carbide and boride crystals embedded in a hard amorphous carbon
matrix. Co-deposition of 100% ionized titanium filtered arc vapor
plasma with sputtering B—C flow in a highly ionized argon—
hydrocarbon gaseous plasma environment allows precise control
of the coating elemental composition, which correlates with its
mechanical properties. Experimental evaluation and thermody-
namic modeling suggest the structure of the top TiBC coating
segment includes strongly crystallized non-stoichiometric TiB,
with weakly crystallized ternary and binary solid solutions and
non-stoichiometric carbide phases of the TiBC elemental system
incorporates into an amorphous carbon matrix. This coating
deposited by hybrid FAD/UBM technology has demonstrated
extremely high toughness and adhesion at hardness levels com-
parable to conventional hard cermet coatings, which make the
coating and a deposition method a promising candidate for
tribological tasks in high load aircraft applications.
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Abstract

This paper investigates the use of advanced triggering to synchronize a pulsed laser ablated plasma from a ceramic target with a pulsed DC
sputtering plasma from a metal target for the purposes of depositing nanocomposite thin-films at low substrate temperatures. A digital oscilloscope
and a programmable delay generator were used to prescribe the synchronization time of the two plasmas and frequency of discharge of the laser.
Films were grown with different times of synchronization and subsequently characterized using X-ray diffraction and XPS. A multichannel
analyzer was used to monitor the plasma emissions to determine spatial evolution of the synchronized pulsed plasma and a spectrometer was used
to determine if additional spectra were generated through the interaction of the two plasmas. The studies did not show a clear presence of a new
chemical compound formed in the hybrid plasma, but indicated an enhancement of the laser ablated plasma excitation in the presence of pulsed
magnetron plasma process, This additional plasma excitation occurred at certain timing of the two pulsed plasma sources and was used to produce
a Zr(Y)O,/Mo film containing crystalline ZrQ,. Present results indicate that crystalline ceramic films can be deposited at low substrate temperature

in which the film crystallinity is enhanced based on the synchronization timing.

© 2006 Published by Elsevier B.V.

Keywords: Magnetron spuitering; Pulsed laser deposition; Synchronization; Plasma; Film growth

1. Introduction

Magnetron sputtering combined with pulsed laser deposition
(MSPLD) forms a unique hybrid process in which a high energy
laser capable of depositing oxide materials is combined with the
efficient process of magnetron sputtering of metals for depositing
low temperature tribological coatings, such as nanocomposites with
multiple materials embedded in metal or ceramic matrix [1,2],
These nanocomposite coatings will ideally contain solid lubricants
that can operate in different cnvironments, with part of the
nanocomposite being a phase of hard nanocrystalline structures that
resist coating wear [3,4]. One of the challenges in preparing such
composites is obtaining crystalline or nanocrystalline ceramic
phases while trying to avoid excessive substrate temperatures that
can deteriorate embedded solid dichalcogenide and carbon
lubricants, cause grain growth of metallic lubricants, or soften the
substrate material. In the interest of maintaining a low substrate

* Corresponding author.
E-mail address: john jones@wpafb.af.mil (1.G. Jones).

0257-8972/$ - see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/).surfeaat. 2006.08.096

temperature, such as below 300 °C, while still obtaining a required
degree of ceramic phase crystallinity, the use of synchronization of
the laser ablation plume with the pulsed DC magnetron sputtering
process is investigated. In a typical MSPLD configuration, the laser
ablation process is operated simultaneously without synchroniza-
tion with the pulsed DC magnetron sputtering process [1,2]. For
example, in the low temperature deposition of yttria stabilized
zirconia (Y SZ) and molybdenum (Mo) tribological coatings [5] the
result is an amorphous film in which the metal content and oxide
components can be adjusted based on the deposition conditions.
Nanocrystallinity of YSZ phase at low substrate temperatures is
required for improved abrasion wear resistance. The synchroniza-
tion of the laser process with the sputtering process in this paper was
applied to utilize a high energy of the laser plume for increased
mobility of the deposited atoms at low substrate temperatures and
promotion of crystalline phase growth. This synchronization was
accomplished by configuring a digital oscilloscope to continuously
monitor pulsed sputtering voltage and generate a digital reference
signal for each transition from negative to positive voltage. Based
on this time reference, a delay generator regulated time of the laser
pulse in reference to the magnetron pulse throughout the deposition
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process. In this study, the laser pulses to a yttria stabilized zirconia
(YSZ) target were inserted at the specific time into the pulsed DC
magnetron sputtering pattern from molybdenum targets. Synchro-
nized plasma chemistry and energetics were correlated to the
produced YSZ-Mo film chemical composition and crystallinity to
verify the possibility of the plasma synchronization use for a low
substrate temperature growth of crystalline ceramic phases.

2. Experimental setup

The hybrid MSPLD process (Fig. 1) consists of a Lambda
Physik LPX 3035i excimer laser (248 nm KrF) with 1 J output of
20 ns wide pulses, an ENI model RPG 50 pulsed DC magnetron
sputtering controller, a UHV vacuum chamber holding the 3 cm
(1%") diameter Mo magnetron sputtering target, 5 cm (2")
diameter YSZ (ZrO»/5 wt.% Y,03) laser target, and substrate
sample carousel holding six 1" diameter 4" thick 440 C
stainless steel substrates. The distance from the laser target to
substrate is 10 ¢cm, from magnetron to substrate is 5 cm, and the
distance from laser target to magnetron target is 9 cm. The
substrates were heated using a tungsten filament with a ther-
mocouple attached to the substrate carousel. All depositions
were petformed with the heater set to 200 °C, and the samples
were continuously rotated. When the laser began operation, the
power demanded by the heater decreased due to the thermal
heating imparted on the samples by the laser ablation process.
The laser beam is continuously repositioned by a high speed
galvanometer system to provide uniformly random coverage of
the target by the beam. The 1 cmx3 cm beam footprint is
focused onto the YSZ target to a I mm x 3 mm spot area using a
lens with a focal length of 0.5 m. A Tektronix high-voltage
differential probe model P5200 and Tektronix digital phospho-
rous oscilloscope (DPO) TDS 540 D was used to sample the
sputtering voltage on the magnetron gun. The sputtering current
was measured using a Tektronix current probe clamp on the
magnetron power feed line. The oscilloscope was configured to

Beam steering

continuously monitor the repeating voltage waveform and
generate a digital trigger signal at the point where the sputtering
voltage rapidly changes from negative to positive. This timing
signal was used to trigger a Stanford Rescarch Systems digital
delay generator (DG535) consisting of multiple output channels
that operate in parallel. The first channel is set to a delay in
microseconds and connected to the excimer laser’s external
trigger input, providing a laser pulse at exactly the same point in
the sputtering process, repeatedly throughout the course of a
deposition. In order to vary the timing between the magnetron
and laser, this channel had set delays ranging from 0 to 10 ps.
By setting the second channel of the delay generator to 33.3 ms,
the laser pulsed in this synchronized manner at a frequency of
30 Hz. All depositions were performed at pressures of 1.3 Pa of
Ar, 800 mJ laser energy, 30 Hz repetition rate, a substrate bias of
~150 V, a magnetron frequency of 120 kHz with a power
setting of 30 W, and a substrate temperature of 200 °C. All films
deposited were approximately 1 pm in thickness.

In order to collect snapshots of the hybrid MSPLD plasma
process, the sync output on the laser was used to trigger a
Princeton Instruments programmable high voltage pulse
generator (PG-200) which gated an image collecting ICCD
camera of a multi-channel analyzer. The plasma snapshots were
collected over a 20 ps period of time with a gate delay of 100 ns,
a gate step of 1.0 ps, and an integration time of 1.0 ps.

Analyses of film properties were performed using a Surface
Science Instruments M-Probe X-ray photoelectron spectrometer
(XPS) and Rigaku Rotaflex X-ray Diffractometer (XRD).
Before XPS analysis, the samples were sputtered clean for
15 s with 5000 eV Ar" ions. The XPS analysis was performed
with an aluminum X-ray source at 50 W. From the XPS
analysis, the relative peak heights were measured to obtain the
composition of each elemental specie in the nanocomposite
coating. The XRD analysis was performed with a copper X-ray
source at 6 kW using glancing incidence X-ray diffraction with
a fixed value of 4° for 6.
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Fig. 1. Magnetron sputtering with pulsed laser deposition process and triggering with magnetron sputtering of molybdenum and pulsed laser deposition of yttria

stabilized zirconia.
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Fig. 2. Magnetron sputtering voltage
2.1. Results and discussion

Depositions were performed with and without synchroniza-
tion of the laser to the pulsed DC magnetron sputtering process
and a multichannel analyzer was used to characterize each of the
synchronized depositions, as well as both PLD and MS
processes separately. The unsynchronized deposition was
performed with identical conditions, except that the laser
operated from its own internal trigger at a 30 Hz repetition rate,
as opposed to using the external triggering mode that was
required for synchronization. For the synchronized depositions,

@
%

waveform at 30 W and 1.3 Pa argon.

each deposition was performed with a specific delay time,
between 0 and 10 us, with the triggering of the oscilloscope at
the transition of magnetron voltage from negative to positive
(Fig. 2) defining the start of each event and the output of the
laser pulse defining the end of each event. These triggering
events were repeated at a 30 Hz repetition rate by defining a
second channel of the delay generator to output a 33.3 ms event.

The current waveform of the MS process (Fig. 3) shows that
from 5 to 8.3 us the sputtering process is first initiated with a
large current spike and sustained over the 3.3 us interval by a
negative voltage (Fig. 2). At the 8.3 ps point, the MS power
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Fig. 3. Magnetron current waveform at 30 W and 1.3 Pa argon.
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Fig. 4. Yttria stabilized zirconia time of flight waveforms with pulsed laser deposition energy of 800 mJ and 1.3 Pa argon.

supply transitions to a large positive voltage to stop the
sputtering process, and maintains this positive potential for
some 3 ps (as displayed between 0 and 3 ps interval Fig. 2).
Between 3 and 5 ps the MS power supply transitions to a
negative voltage in order to reinitiate the MS pulsed DC
process. Consequently there are three modes of operation of the
MS power supply: initiation and maintaining sputtering power
level for 3.3 ps, shutoff and recovery from sputtering for 3 us,
and then transition of the voltage to reinitiate MS for 2 ps. This
information was used to select synchronization points for the
laser pulse insertion. The noise associated with the current and
Figs. 2 and 3), as well as the spikes, are
associated with the time varying nature of the eclectrical
impedance of the plume and not indicative of plasma arcing.
Laser plasma timing was explored with Time of flight (TOF)
by measuring the optical emission of two components of the PLD
plume, Zr* and ZrO*, (Fig. 4) using a photomultiplier tube in
conjunction with a 10 nm bandpass optical filter. Filters of470 nm

for Zr* and 480 nm for ZrO* were used with PLD conditions of
1.3 Pa Ar, and 800 mJ laser energy with the oscilloscope used to
capture the data. A 1 cm diameter collimating tube was used to
sample the optical emissions half way between the target and
substrate, approximately 4 cm. As shown by the TOF waveforms
(Fig. 4) the intensity of these two species is all but dissipated by
7 us after the pulsing of the laser. Comparing this to the duration
of the magnetron sputter pulse, only one full magnetron sputtering
cycle (8.3 ps) and one PLD plume (~ 9 ps) can possibly interact
in the hybrid process.

YSZ~Mo films were produced by generating a laser pulse

magnetron pulses were continuously generated and detected at
130 kHz, and the individual laser pulses were only inserted at a
rate of 30 Hz. XPS characterization of the films showed that all
films had an approximate atomic composition consisting of
some 61% O, 24% Zr, 13% Mo, and 2% Y, Fig. 5. Each film
was then analyzed using X-ray diffraction, Fig. 5. Most films
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Fig. 5. X-ray diffraction and X-ray photoelectron spectroscopy of magnetron sputtering with pulsed laser deposition thin-films,
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were X-ray amorphous, just as is the case without any
synchronization. However, the samples which were deposited
using synchronization of 1 and 6 us delay times resulted in
diffraction patterns that were significantly different than what
would otherwise result. In these two cases there are clear
crystallization peaks at 27.7° and 29.6° degrees two-theta with
additional higher order peaks occurring between 32.8° and 70°
two-theta, Fig. 5. These peaks appear to be related to a ZrO,
orthorhombic structure, which has peaks located at 27.5 and
30.3° two-theta according to PDF Card #41-0017. The 440 C
steel substrate was clearly visible at 44.5° for all of the samples.
With this composition information, and the X-ray diffraction
data, it suggests that the synchronization helped in crystallizing
the zirconium oxide, ZrO,, which also happens to be the
biggest contributor to the thin-film composition. Interaction of
the laser plume with the first 3 ps (Fig. 2) in which the
magnetron voltage is positive results in an increased plasma
potential. This plasma potential increase combined with
synchronization had an effect on the film crystallinity but not
on the film chemical composition. This was correlated to the
plasma spectroscopy studies where we could not detect any
variations in the plasma excitation states and chemistry for the
synchronized and non-synchronized plasmas. The challenge

was then to evaluate kinetics of the hybrid plasma develop-
ments to detect any variation in the depositing plasma energy in
synchronized and non-synchronized regimes. As demonstrated
in Fig. 5, the Mo content does not appear to affect the resulting
crystallinity. The 1 us and 6 ps thin-films deposited have very
similar XRD patterns of crystallinity, but the films contain 2%
and 11% Mo, respectively.

Gated imaging of hybrid plasma with high speed ICCD camera
was applied to obtain information about kinetics of the pulsed
process due to the fact that an image provides spatial information
about the evolution of the plumes. Fig. 6 shows sequences of
image frames collected from synchronized MSPLD process at
9 us delay, or equivalently 0.7 ps, in laser pulse insertion (Fig. 6a)
and non-synchronized MSPLD process (Fig. 6b). Each sequence
was taken with a 1 pus time step from when the laser is first fired. In
both sequences of images the PLD plume can clearly be seen for
the first 5 us, and dissipating over the next 5 s — which is normal
for PLD process operating alone. However, for synchronized
operation (Fig. 6a) in the 12th frame there was clearly visible
emission both from the magnetron gun and remains of the laser
plume. This time in the hybrid synchronized MSPLD process
corresponds to the magnetron voltage swings to a large negative
value which initiates sputtering. This large negative voltage and
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Fig. 6. Optical Multichannel analyzer image sequences showing plume evolution.
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subsequent current spike must excite what remains of the laser
plume, mostly zirconium and oxygen, causing the optical
emission. This late excitation effect was absent in running the
process without synchronization (Fig. 6b). In such we propose
that the synchronized operation helps to increase energetic and
excitation of neutral components of the laser plume traveling with
relatively low speed in the tail of the laser ablated plasma. This
additional excitation must be responsible for adding to the con-
densation surface energy of the arriving laser ablated Zr and O
species, which should help to increase their mobility at low sub-
strate temperatures. This observation is consistent with arguments
presented that an increase in the effective electron temperature
coincides with the onset of the negative pulse [6-9]. Although
exact mechanisms are yet to be verified, it is likely that MSPLD
synchronization helps to enhance the laser ablated plume ener-
getics. Clearly that by the synchronization on a continuous basis,
repeated interactions have the chance of changing the thin-film
structure promoting Y SZ crystallization even at the low substrate
temperatures.

3. Conclusions

Synchronization of a hybrid process of MSPLD can deposit a
nanocomposite structure having crystalline oxides from PLD
with metal being deposited simultancously by pulsed DC MS at
substrate temperatures of 200 °C. Voltage and current mea-
surements of the DC sputtering process show three modes of
operation in which a laser pulse could be inserted using the
synchronization timing set-up: 1) sputtering with large negative
voltage and initial current spike to begin the MS and optical
emission, 2) positive reverse voltage to stop the process of MS,
and 3) transition of voltage from positive to negative to repeat
the process. The synchronization of the laser plume developing

from YSZ target with the third mode of the MS process on Mo
target was found to yield a nanocrystalline film growth. All
other synchronization times yielded X-ray amorphous films.
Spectra of the process integrated over many seconds could not
reveal significant plasma chemistry changes. However, hybrid
plasma image sequences showed that there is plume interaction
and emission, and that under the right timing conditions of M8
voltage transition the PLD plume can be additionally excited
producing emission. Crystallinity was verified by XRD and
composition was measured with XPS. The crystalline structure
deposited is indicative of a form of ZrO; in a Zr(Y)O2/Mo film.,
Using the right timing throughout a deposition appears to lead
to crystalline nanocomposite thin-films at low temperatures that
would otherwise not form.
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Measured friction coefficients of carbon nanotubes vary widely from g < 0.1-p > 1.0 [1-6], while theoretical studies suggest
intrinsically high friction coefficients, approaching unity [7]. Here we report that measured friction coefficients of MWNT films are
strong functions of surface chemistry and temperature, but are not dependent on the presence of water vapor. We hypothesize that
the origin of the temperature dependence arises from the interaction of the surface chemical groups on the nanotubes [8-12] and
rubbing counterface. The friction coefficient of individual films can be easily tuned by changing the surface temperature and
chemistry of either the countersurface or the nanotubes, we have demonstrated the ability to create and control high and low
friction pairs through plasma treatments of the nanotube films with argon, hydrogen, nitrogen, and oxygen. This behavior is
completely reversible, and when coupled with the superior strength, thermal, and electrical properties of nanotubes, provides a

versatile tunable, multifunctional tribological system.

KEY WORDS: carbon nanotubes, coeflicient of {riction, micro-tribology, engineered surfaces

A schematic of the MWNT film grown with a vertical
orientation is shown in figure 1 (a). Scanning electron
microscopy images of a free edge of the vertical film are
shown in figures 1(b)-1(d). The vertically aligned film
was grown by a chemical vapor deposition (CVD) pro-
cess using ferrocene and xylene precursors [13]. Fol-
lowing CVD growth, the MWNT films are cleaned using
an oxygen plasma treatment. The vertically aligned
MWNT films are approximately 65 um thick and 5%
dense. The MWNTs were vertically aligned, with the last
few micrometers from the top surface the films entan-
gled and intertwined as shown in figures 1({b)-1(d). A
sample of transversely orientated nanotubes was also
prepared by mechanically removing the vertical
MWNTs, sonicating in acetone and dispersing onto an
identical quartz substrate. After drying, this transversely
oriented nanotube film was found to be approximately
5 um thick and was comprised of a distributed ensemble
of entangled nanotubes oriented in plane with the quartz
substrate (figure 1(e) and 1(f)).

The mechanical, electrical, and thermal properties of
individual nanotubes are highly anisotropic [14--18], and
the frictional behavior was also recently found to be
anisotropic [6]. These friction experiments used a
countersurface made from a borosilicate glass pin
(schematically shown in figure 2 (a)) and were run in a
regime where wear was not observed. Under both inert
gas and ambient conditions, the transversely distributed

*To whom correspondence should be addressed.
E-mail: pld@ufi.edu

films were repeatedly found to have friction coefficients
u~0.1, while the vertically aligned sample had pu~0.9.
Molecular dynamics studies report nanotube films can
accommodate relative motions or slip by rolling, sliding,
or a combination of rolling and sliding at the interface
[19]. However, this mobility related hypothesis seems
unlikely considering the degree of nanotube entangle-
ment observed in these films.

The recently found super-compressibility of the ver-
tically aligned nanotube films [20] predicts an order-of-
magnitude difference in contact area between the
transverse and vertical arrangement. The calculated
interfacial shear stresses are nearly the same for both
films (0.1-0.2 MPa) indicating that the contact area
difference between orientations is a reasonable expla-
nation of the frictional anisotropy. However, the
exceptionally low value of predicted shear stress suggests
that there are a number of very small intimate contact
points supporting load. This is consistent with observed
tangled and open morphology of the surface contacting
regions (figure 1).

In this study, a series of tribological experiments were
performed on vertically aligned and transversely dis-
tributed nanotube films using a borosilicate glass
countersurface while varying the film temperature from
303-393 K. These experiments had a prescribed 2 mN
normal load, 300 um/sec sliding speed, and a track
length of 600 um. A total of 100 reciprocating cycles
were run in open laboratory air (45% RH) at each
temperature, As previously found, the friction coeflicient

1023-8883/06/1000-0085/0 © 2006 Springer Science+Business Media, Inc.
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a vertically aligned
muitiwalled nanotubes

top surface

silica substrate

transversely distributed multiwalled nanotiubes —ememmmmm——

Figure I. Oriented MWNT film structures. (a) A schematic of an SEM image (b) taken of an exposed edge of the vertically aligned MWNT films.

The image is taken at a 52° tilt, and was found to have a characteristic height of 65 um. Images (¢) and (d) are indicated in (b) and (c) respectively.

The top surface shown in (d) is typical of the tangled morphology that does not have a preferential vertical orientation, which is clearly visible in

(b) and (¢). Image (e) is a top view ol a transversely distributed sample prepared {rom the same tubes shown in (b)-(d). This sample was prepared

by sonicaling mechanically removed tubes in acetone and then drying them onto a quarlz sample. Image (f) is a higher magnification of the region
indicated in (e).

of the vertically aligned film was approximately ten
times higher than the transversely distributed film at
303 K (figure 2(b)). The value at 303 K (the lowest
temperature tested) is indicated as u, for each of the
films and was used as a reference friction coefficient in
the analysis. As the film temperature was increased there
was a monotonic decrease in the friction coefficient. This
behavior was completely recoverable and reversible. The
friction coefficient of both oriented MWNT films could
be tuned by an order of magnitude by simply varying the
temperature of the nanotube films. This result demon-
strates the potential opportunity to use nanotube films
as active surfaces that can provide high friction coeffi-
cient or lubricity on demand.

In figure 2(b) it appears that this temperature effect is
more pronounced in the vertically aligned films, how-
ever, when the friction coeflicients are normalized to the
303 K values (p,) the relative changes in friction coef-
ficient are nearly the same for the two films. This is
shown in figure 2(c) over the range of temperatures
examined. For this data set two points were collected at
each temperature: one during heating and the other
during cooling. An Arrhenius plot of this normalized
friction coeflicient behavior, shown in figure 2(d), gives
an activation energy of Ea = 16 kJ/mol. This value of
activation energy is consistent with hydrogen bonding;
silica glasses are known to have hydoxy-groups on their
surfaces [21], and post-production plasma treatment
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Figure 2. Temperature, orientation, and interface bond dependent friction. (a) The experimental schematic the MWNT films are located on a
reciprocating stage the slide under replaceable countersurfaces, the experiments described here were run on a borosilicate glass lens that had an
~8 mm radius of curvature, (b) The friction coefficient of the two films versus surface temperature in an open-air environment, (¢) The friction
coefficient is normalized by the 303 K value revealing that the relative changes for the two films were the same, (d) An Arrhenius plot of the
normalized friction coeflicient suggesting that hydrogen bond breaking is the dominant contribution to friction coefficient during the interfacial
sliding between the MWNT films and the glass counter surface, (e) A schematic of the molecular view inferred [rom these experiments.

with oxygen moieties shows unambiguous evidence that
the functionalization of the nanotube framework
includes carboxyls (--COOH), hydroxyls (-OH) and
carbonyls (-C = O) [8-12, 22, 23]. This leads to the
molecular view of the contact illustrated in figure 2e,
where the frictional response is controlled by the unin-
tentionally attached functional groups on the surface of
the glass and the nanotubes suggesting the tribology of
these surfaces can be intentionally modified through
different chemistries and functionalization.

A relatively simple test of this hypothesis was to
repeat tribological experiments using countersurfaces of
gold instead of borosilicate glass. Gold surfaces have
been well characterized and electron beam evaporation
of gold onto the borosilicate glass lens surface gives
nearly the same polished finish. The gold coated surfaces
are devoid of the -OH groups that we hypothesize are
responsible for the hydrogen bond dominated friction
response. The same experimental protocol was repeated
using the gold coated lenses, and was expanded to in-
clude lenses of three curvature radii: 7.78, 4.65 and
1.00 mm. The results of these experiments are shown in
figure 3 (a). The data show that the friction coefficients
are reduced by nearly a factor of two, and the friction
coefficients can be further lowered by reducing the radii
of curvature, which reduces the nominal contact area.
Previous publications [6, 24] demonstrated friction
coeflicients of the nanotube films are not altered by

changes from open air conditions to inert environments.
In this study, the set of experiments with the 1.00 mm
gold coated lenses (plotted in figure 3) demonstrate that
this temperature effect on friction coefficient is also
insensitive to the gaseous environment. The experiments
run in open laboratory air had a relative humidity of
45% and the experiments in the argon environment used
gases that had a reported purity of less than 5 ppm H,O
and Os.

Normalizing the friction coefficients to the 303 K
values (u,) shows that the relative changes in friction
coefficient with increasing temperaturc are similar for all
gold coated samples and conditions (figure 3(b)). The
relative change in friction coefficient with temperature is
much less than for the borosilicate glass counterfaces.
The activation energy fit to the gold data set (figure 3(c))
is 3 kJ/mol, which is indicative of van der Waals bond
breaking during sliding between the MWNT and the
gold [25].

The purification of nanotubes by removing amor-
phous carbon films through plasma etching is widely
used. In order to demonstrate tunable friction coeffi-
cient, the vertically aligned MWNT films were treated in
a 100 W glow discharge plasma with combinations of
argon & nitrogen, and argon & hydrogen. After etching
for 45 s, the surfaces were examined with x-ray photo-
electron spectroscopy (XPS) (figure 4 (a)—(d)). The Cls
peak of the argon & hydrogen treatment (figure 4(b))
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Figure 3. Gold-MWNT sliding interface friction and activation energy. (a) A plot of the friction coefficient for gold coated countersurface

conditions against the vertically aligned MWNT film versus surface temperature run on a vertically aligned MWNT film using multiple radii and

both laboratory air and dry argon, (b) The friction coefficient is normalized by each 303 K value revealing that the relative changes for all gold

countersurface conditions were the same, but was distinctly different than the normalized trend for the borosilicate glass countersurface, (¢) An

Arrhenius plot of the normalized friction coefficient suggests that hydrogen bond breaking is the dominant contribution to friction coeflicient

during the interfacial sliding between the MWNT films and the glass counter surface and van der Waals bond breaking is the dominant
contribution to friction coeflicient when sliding against a gold countersurface.

was slightly broadened in comparison to the untreated
sample (figure 4(a)), which is expected with the addition
of C-H bonds. From previous XPS studies of hydro-
carbons, the Cls peak of C-H bonding is at higher
energies as compared to 284.6 eV for C-C bonds in
graphite [26] contributing to the Cls peak broadening.
The Cls peak broadening was more pronounced for the
argon & nitrogen treatment (figure 4(c)), evolving in the
direction of higher bonding energies. This is in corre-

bonding energy was reported to vary from 285.9-
287.8 eV as a function of carbon atom electron
hybridization [27]. For all plasma treated carbon
nanotubes, there was no oxygen contamination or C-O
bond formation. This is evidenced in figure 4 from the

would be typical for thermally oxidized carbon or oxy-
gen plasma treated polymers [28].

Interestingly, the XPS analyses of Nls region for the
argon & nitrogen treatment in figure 4(d) presents clear
evidence of a doublet structure of the nitrogen atom
bonding. This duplet structure of Nls region is exactly
the same as the one observed in studies of fullerene-like
CN, 129, 30]. The possibility of generating fullerene CN,
structures on the ends of carbon nanotubes in argon &

nitrogen treatment, as hinted by the XPS analyses, is an
interesting avenue of further investigations.

When plasma treated nanotubes were tested in sliding
against the borosilicate glass surface in open laboratory
air, the friction coefficients of both plasma treated films
showed a weak dependence on temperature (figure 4(e)).
The activation energy fit from both plasma treated
MWNT films (figure 4(f)) is 3 kJ/mol. Examination of
both the borosilicate glass lens and gold coated pin
surfaces after test completion revealed no evidence of
transfer film formation. This in combination with the
lack of wear on the MWNT film surfaces supports the
mechanism of pin-counterface chemical bond activation
energy as the dominating frictional mechanism.

This work demonstrates that the friction coefficients
can be tuned by tailoring the chemical interfaces
between nanotubes and countersurfaces, and the contact
temperature. Smart surfaces and multifunctional struc-
tures with tunable friction behavior can be designed
using multiwalled nanotube films as foundation and
tailoring the surface treatments and counterface chem-
istries for the target application. The ability to reduce
the friction coefficient with surface heating (potentially
using the nanotubes themselves as the resistive elements)
provides a path for dynamic control of the friction
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Figure 4. Effects of MWNT plasma treatment on sliding interface temperature dependence. XPS spectra of the carbon Is peak of MWNT

vertically aligned films (a) non-plasma treated, (b) argon & hydrogen plasma treatment, and (¢) argon & nitrogen plasma treatment, (d) XPS

spectra of the nitrogen 1s region of the of the argon & nitrogen plasma treatment, (e) The friction coefficient normalized by each 303 K value

reveals that the nitrogen and hydrogen treatments were successful at removing the temperature sensitivity on friction coefficient, and (f) suggests a
shift from hydrogen bonding dominated friction (figure 2d) to van der Waals dominated [riction.

coefficient over a wide range of operational environ-
ments,
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Abstract

Yttria-stabilized zirconia (YSZ) nanocomposite coatings consisting of silver and molybdenum were produced by a hybrid process of
filtered vacuum arc, magnetron sputtering and pulsed laser depositions for tribological investigations at different temperatures. The coat-
ings with 24 at.% Ag and 10 at.% Mo contents showed a friction coefficient of 0.4 or less for all temperatures from 25 to 700 °C. The wear
scar surfaces and coating cross-sections were studied using scanning electron, transmission electron, scanning transmission electron and
focused ion beam microscopes, which also provided the information on chemical composition distributions of silver and molybdenum
along with microstructure features. It was demonstrated that silver diffusion and coalescence on surfaces played an important part in the
high-temperature lubrication mechanism of the YSZ-Ag-Mo coatings. Silver was found to be an effective lubricant at temperatures
below 500 °C and its coalescence on the surface isolated molybdenum inside coatings from ambient oxygen. Lubricious oxides of molyb-
denum were formed and lubricated at temperatures above 500 °C when the silver was worn off the contact surface. For silver contain-
ment inside the coating at high temperatures, a multilayer architecture was built by inserting a TiN diffusion barrier layer in the
composite coatings. Microscopic observations showed that this barrier layer prevented silver exit to the coating surface. At the same
time, this enabled a subsequent lateral lubricant supply toward a wear scar location where the diffusion barrier layer was worn through
and/or for a next thermal cycle. The multilayer coating maintained a friction coefficient of 0.4 or less for more than 25,000 cycles, while
the monolithic coating lasted less than 5000 cycles. In addition, a TiN surface barrier layer with pinholes was deposited on the YSZ-Ag~
Mo composite surface to control vertical silver diffusion. With this coating design, the coating wear lifetime was significantly increased
beyond 50,000 cycles. '
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Ytiria-stabilized zirconia; Nanocomposite; Multilayer; Silver; High-temperature lubrication

1. Introduction vided a “chameleon” surface adaptation in addition to

excellent mechanical and thermal stability of YSZ ceramic

Yttria-stabilized zirconia (YSZ) based nanocomposite
coatings have received growing attention for their remark-
able properties such as high hardness, toughness, wear
resistance and low friction [1-13] These properties are
highly desirable for aerospace applications in order to
increase the lifetime and performance of mechanical sys-
tems. The nanocomposite structure of the coatings pro-

* Corresponding author. Tel.: +1 937 255 3312; fax: -+1 937 255 2176.
E-mail address: Jianjun. Hu@ WPAFB.AF. MIL (J.J. Hu).

0266-3538/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2006.09.008

itself, which was previously studied for surface wear pro-
tection at different test environments, contact loads, sliding
speeds, and temperatures [14-20]. The aerospace materials
require a very demanding self-adapting performance to a
wide range of environments and temperatures. The “cha-
meleon” coating concept was developed with a series of tri-
bological adaptive nanocomposite coatings consisting of
amorphous and nanocrystalline phases, which can trans-
form into lubricants when exposed to changes in environ-
ments and temperatures [8,21-23]. Proper sized
nanocrystalline grains can restrict crack size, create a large
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volume of grain boundaries, and hence improve the coating
toughness and contact load support [24,25]. The nanocom-
posite coatings consisting of YSZ ceramics and noble met-
als were initially studied for tribological uses at high
temperatures [6--9].

The early investigations of YSZ-Au nanocomposite
coatings showed that soft ductile gold was able to provide
a low friction for up to 500 °C [6]. The weak bonding
between ceramic and metallic components can facilitate
the grain boundary sliding and improve the composite
toughness. The in-situ transmission electron microscopy
studies of YSZ-Au nanocomposites during heating showed
that the diffusion process was accompanied by the coating
microstructural and chemical changes [9]. Increased
temperatures initiated the crystallization and growth of zir-
conia and gold nanograins inside the coatings and forma-
tion of 100-500 nm gold islands on the coating surfaces.
A primary mechanism for the friction reduction of YSZ-
Au coatings was based on the low shear deformation of
the surface gold islands under friction-induced stress.
Recently, YSZ-Ag-~Mo nanocomposite coatings were pro-
duced by a hybrid process of magnetron sputtering and
pulsed laser depositions [10,11]. Silver is an effective lubri-
cant at moderately high temperatures [26-31], and molyb-
denum-based compounds are lubricious at higher
temperatures in air, as shown by other researchers [32-
36]. The YSZ-Ag-Mo coatings provided lubrication by
forming a silver rich surface at 300-500 °C and by oxide
formation in friction contact at above 500 °C. Studies on
the YSZ-Ag-Mo coatings have been conducted on growth,
characterization, mechanical and tribological properties.

The noble metals such as gold and silver have a large dif-
fusion coefficient and high mobility at elevated tempera-
tures. Heating activates diffusion out of highly strained
sites in the YSZ matrix to open surfaces, where the reduc-
tion of system potential and surface energies thermody-
namically drives metal grain nucleation and growth.
After the noble metal transport to the surface, the coating
becomes depleted in the lubricious metal and cannot act as
a self-lubricated composite for long. Control of such diffu-
sion processes is, hence, needed for an extended lubrica-
tion. Transition metal nitrides were reported as effective
diffusion barrier materials for noble metals [37]. The wear
lifetime of YSZ-Ag-Mo nanocomposite coatings was
shown to be significantly increased when using a TiN diffu-
sion barrier to restrict the silver diffusion [12,13]. For such
composite coatings, the high temperature tribological per-
formance strongly depends on the thermodynamic activa-
tion of silver diffusion in the coating matrix, diffusion
process control with barrier layers, tribochemical reactions
in the contact surface, and structural stability of the cera-
mic matrix.

In this paper, we focused on the microstructure evolu-
tion, silver diffusion development, and contact surface oxi-
dation processes for a series of YSZ-Ag-Mo based
nanocomposite coatings in sliding contacts at high temper-
atures in air. The silver diffusion behavior in the coatings

after heating was directly observed by using electron micro-
scopes. Focused ion beam (FIB) microscope was used to
set-up observations of microstructural and chemical studies
in coating cross-sections. Such experiments have not been
reported in detail or used in tribological investigations
before. The friction coefficients were measured at different
high temperatures, and were examined in a close relation-
ship with the coating surface changes in microstructure
and chemistry. The results of our investigations reveal dif-
ferent high-temperature-adaptive lubrication mechanisms
in the nanocomposite “chameleon” coatings.

2. Experimental

The YSZ-Ag-Mo nanocomposite coatings were pro-
duced with a hybrid process of filtered vacuum arc, magne-
tron sputtering and pulsed laser deposition in a stainless
steel chamber, as shown in Fig. 1. The chamber was evac-
uated using a 520 1s™! turbo pump to a base pressure of
7% 107 Pa or less. Mirror polished M50 steel and Inconel
718 super-alloy substrates of 25 mm diameter were ultra-
sonically degreased and loaded into the chamber. The sub-
strates were heated to 150 °C, and then bombarded with
energetic argon ions (~800 e¢V) and metal ions (~650 eV)
to clean the surface before deposition. A thin titanium
adhesion layer (<100 nm) was deposited on substrates by
using the filtered titanium vacuum arc plasma. Pulsed laser
deposition of YSZ was then initiated with a laser pulse rep-
etition rate gradually ramped from 1 to 30 Hz to produce a
graded Ti/YSZ transition layer and further promote the
coating adhesion to the substrates. A KrF excimer laser
(LPX300 Lambda Physik) produced 800 mJ, 25 ns width
UV pulses (248 nm). The laser beam was directed by a
set of programmable mirrors to random positions on a
rotating YSZ target. The chamber was then filled with

substrate carousel!

Ar, N,
flow

pulsed laser
= 'ﬂ-
Ay magnetron 2
focusing with Ag target
lens N

magnetron 1
with Mo target

to downstream pressure
control and pump system

B field

XX
filtered arc source
with Ti target

Fig. 1. Schematic diagram of the deposition chamber, combining filtered
vacuum arc, magnetron sputtering, and pulsed laser deposition.
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1.6 Pa Ar (99.99% pure) at a flow rate of 100 sccm to facil-
itate sputtering. Silver and molybdenum were added to the
coatings by magnetron sputtering from metal targets made
of pure silver and pure molybdenum. The dc power density
on the both magnetron targets was adjusted from 1 to
5W cm % in order to control metal contents in the pro-
duced composite YSZ-Ag-Mo coatings. During deposi-
tion, the substrates were biased to —150V dc¢, and
maintained at 150 °C. For multilayer architectures, a
100 nm thick TiN diffusion barrier layer was reactively
deposited between two 1 um thick YSZ-Ag-Mo layers by
flowing 30 sccm nitrogen into the chamber while operating
the filtered titanium arc plasma source. All coatings were
grown to a thickness of approximate 2 pm in one to two
hours depending on the magnetron power density. X-ray
photoelectron spectroscopy (XPS) was used to determine
that the YSZ-Ag-Mo coatings contained 5-24 at.% of
Ag and 9-24 at.% of Mo. The TiN coatings were deter-
mined to be stoichiometric.

X-ray diffraction (XRD) data of the coatings were col-
lected using a Rigaku diffractometer equipped with a
monochromator in front of the CuKa X-ray source. Glanc-
ing incidence XRD was done with 0 fixed at 8° for all scans
in order to reduce the signal from substrates. Standard
powder XRD patterns of tetragonal (t) ZrO, and face-cen-
tered cubic (fcc) Ag were used for data interpretation

[38,39]. Transmission electron microscope (TEM) observa-
tions were performed using a Philips CM200 FEG (Field
Emission Gun) microscope operated at 200 k'V accelerating

( 1’*191) 24 at. % Ag
Ag
(200) Ag Ag

2rQ
2 (1r1 12) (220) (317,
=
=3
P
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5
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(1112)(1”) (220)
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Fig. 2. XRD spectra of YSZ-Ag-Mo composite coatings with different
Ag contents and 10 at.% Mo. Spectra are shifted on the vertical scale for
clarity.

Fig. 3. High-resolution TEM image and the corresponding SAED pattern taken from the YSZ-24 at.% Ag-10 at.% Mo composite coating,
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voltage. The FEG provided a complete coherent electron
source and nm-sized probe, which were especially
important for the high-spatial-resolution microstructure
characterization. A NORAN X-ray energy dispersive spec-
trometer (EDS) was installed on the TEM and was used for
chemical microanalyses of the coatings.

Friction coefficients in air with 40% (£1%) relative
humidity (RH) were measured with a high-temperature
(HT) ball-on-disk tribometer at 25, 300, 500 and 700 °C.
Silicon nitride balls of 6.35-mm-diameter and 1 N normal
load were used for all tests (approximate 0.7 GPa initial
Hertzian contact stress). The tribotests were started after
the coating samples were heated to the desired tempera-
tures in about 20-35 min, and allowed to equilibrate for
5-10 min. Upon completion of the ball-on-disk measure-
ments, samples were immediately removed from the fur-
nace and allowed to cool in air. A series of annealing
experiments were also performed using the same HT trib-
ometer oven.

After tribotests, wear scars and sample surfaces were
examined using a Leica 360 FEG scanning electron micro-
scope (SEM) operating at 25 kV, which was equipped with
a Link ISIS system of EDS for chemical analyses. A
focused ion beam (FIB) microscope, FEI-DB235, was used
to prepare lift-out specimens for showing the cross-sec-
tional microstructure of the coatings. [t was operated using
5 keV electron beams and 30 keV Ga* ion beams. To pro-
tect the coating surface, an approximately 2 um thick Pt
cap was deposited on the top of the samples using a gas
injection system at a moderate ion beam current. Scanning
transmission electron microscopy (STEM) and TEM/EDS
were employed to study the cross-sectional microstructure
and chemistry of the coatings after annealing. All these
measurements were performed in order to understand the
lubrication mechanism of YSZ-Ag-Mo nanocomposite
coatings at high temperatures.
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Fig. 4. Friction coefficients of YSZ-Ag-Mo composite coatings with
different Ag contents and 10 at.% Mo from room to high temperatures.

a 100pm

c

Fig. 5. (a) SEM image taken from the wear scar surface after [riction
coefficient measurements at 500 °C prior to coating failure. (b) High
magnification image of a smeared Ag lm inside the wear track. (¢c) EDS
elemental mappings of Ag, Zr, Mo and Fe. The silver-covered regions on
the wear scar surface show bright contrast in the Ag mapping.
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3. Results and discussion

3.1. Studies of structure evolution and lubrication
mechanisms in YSZ-Ag—Mo composite coatings

Pure metallic Ag and Mo were added into the YSZ coat-
ings at a different atomic percentage to reach desirable
mechanical and tribological properties of the coatings
[10,11]. Fig. 2 shows the XRD spectra of the YSZ-Ag-
10 at.% Mo composite coatings containing 5, 16 and
24 at.% Ag, which exhibit weak tetragonal zirconia peaks
and stronger cubic silver peaks. The intensity of
t-ZrO,(111) peaks decreased with increasing silver contents,
while the molybdenum diffraction was not detected. The
strong silver peaks dominated the XRD spectra from the
coatings with higher silver contents, and the Fe(110) peaks
from M50 steel substrates were obscured by the Ag(200)
peaks. Silver nanograins are visible in the high-resolution
TEM image, as shown in Fig. 3. The corresponding
selected-area electron diffraction (SAED) pattern exhibits
diffraction rings indexing randomly oriented t-ZrO, and
fce-Ag phases, as shown in Fig. 3 — insert.

Fig. 4 shows the friction coefficients of the YSZ-Ag-Mo
composite coatings grown with 5-24 at.% silver contents

and 10 at.% molybdenum content at room to high temper-
atures. The 5 at.% Ag coating exhibited high friction at all
temperatures, and the 17 at.% Ag coating exhibited a high
friction at 500 °C and over. The 24 at.% Ag coating had a
friction coeflicient of 0.4 or less for all temperatures from
25 to 700 °C. Therefore, a sufficient amount of silver in
the coating is required to facilitate lubrication at high tem-
peratures. Unless otherwise noted, the YSZ-Ag-Mo com-
posites in the following analyses and discussions
contained 24 at.% Ag and 10 at.% Mo.

Coating wear tracks after sliding tests at 500 °C and
prior to coating failure were analyzed using SEM/EDS
(Fig. 5). Smeared regions were found inside wear tracks,
which were predominantly composed of silver, as shown
in Fig. 5a. A high magnification image of the smeared silver
film is shown in Fig. 5b. EDS elemental mappings of Ag,
Zr, Mo and Fe (Fig. 5c) reveal the silver-covered regions
on the surface as Ag is in bright contrast, while Zr and
Mo are visible on the silver-worn-off surfaces as Zr and
Mo are in bright contrast. The weak Fe signal contrast
resulted from steel substrates being under a less thick
YSZ-Ag-Mo layer in worn wear track areas.

After 1000 cycles of sliding tests at 700 °C, some oxidi-
zation products like MoO; were found inside the wear

20pm

Fig. 6. SEM image taken from the wear scar surface after 1000 cycles of tribometer tests at 700 °C. MoOQj grains exist inside the wear track along with

smeared silver films.
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track between smeared silver regions, as shown in Fig. 6.
MoO, demonstrates a low shear stress at 700 °C and has
been recommended to use as a lubricant at high tempera-
tures. Fig. 6 also shows the coverage of the coating surface
outside wear track with heating-induced silver surface
layer, which was disrupted inside wear tracks since silver,
as a lubricant, does not work well above 500 °C. The ther-
modynamic activation of silver diffusion is inevitable dur-
ing HT sliding. Results of the silver diffusion studies in
the YSZ-Mo-Ag composite coatings after heating are dis-
cussed next.

Figs. 7a and b show the SEM images taken from (a) the
cross-sectional specimen of the coating as cut in a FIB
microscope, and (b) the coating surface outside the wear
track after heating to 500 °C during tribometer tests. The
initial monolithic YSZ-Ag-Mo composite coating devel-
oped into two distinct layers after heating, as shown in
Fig. 7a, where a platinum cap was deposited on the coating
surface for protection during FIB sample preparation.
EDS measurements determined that the chemical composi-

b 2pm

Fig. 7. (a) Cross-sectional micrograph and (b) surface micrograph of the
YSZ-24 at.% Ag-10 at.% Mo composite coating after heating to 500 °C as
observed using a FIB microscope.

tion of the bright top layer was silver. The lower layer was
a sliver-depleted coating, which mainly consisted of YSZ
and molybdenum. Dense silver grains of 1-2 um in size
grew, coalesced, and completely covered the coating sur-
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Fig. 8. XRD spectra of the YSZ-24 at.% Ag-10at% Mo composite
coating before (dotted line) and after (solid line) heating. The inset is a
zoom-in pattern of the (111) Zr,0O diffraction region.
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Fig. 9. Schematic diagram of the thermodynamic migration of silver
inside the YSZ~Ag-Mo nanocomposite coating after heating.
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face after heating, as shown in Fig. 7b. The grains are sig-
nificantly larger than the initial silver nanograins in the as-
deposited coatings (compare to Fig. 3).

XRD patterns were measured from the annealed coat-
ings in order to further investigate the coating microstruc-
ture evolution during heating. Narrower fcc-Ag(111) and
(200) peaks developed after annealing in comparison to
the as-deposited coating, as shown in Fig. 8, which indi-
cated a largely increased grain size of silver. In addition,
a well-defined t-ZrO,(111) peak was found for the
annealed coating pattern, which was nearly invisible in
the as-deposited coating. Low temperature growth of
YSZ-Ag-Mo composites in this study possibly resulted
in a formation of solid solutions of silver and molybdenum

substrate

substrate

Fig. 10. (a) Schematic of the multilayer structure divided by a TiN
diffusion barrier layer. (b) Schematic of the expected response of the
multilayer coating during high-temperature tribotests.

in highly defective and distorted zirconia nanocrystalline
grains in addition to silver grains. At equilibrium condi-
tions, silver is immiscible with zirconia and, hence, i1t would
diffuse out of zirconia lattice defects under temperature
activation. This process was accompanied by zirconia lat-
tice relaxation, ordering and crystallization, and was evi-
denced by the XRD pattern in Fig. 8.

Fig. 9 provides a schematic diagram of silver diffusion
stages in heating sequences to facilitate a discussion on
the thermodynamic behavior of silver inside the nanocom-
posite matrix. As produced, silver exists as nanocrystalline
grains inside YSZ-Ag-Mo nanocomposites and as meta-
stable solid solution inside defected zirconia lattice (first
stage — right in Fig. 9). This is a distinct difference in com-
parison to the distribution of large silver grains (first stage
— left in Fig. 9) in macrocomposites, for example, produced
by plasma spay techniques, such as the NASA PS200 and
PS300 series high-temperature lubricating coatings
[28,29]. At the same volume of silver contents, there are
two major factors that thermodynamically accelerate silver
diffusion in nanocomposites as compared to macrocompos-
ites: (1) a much larger surface area of the embedded silver
nanograins provides a significantly larger decrease in grain
boundary surface energy by the grain coalescence; and (2) a
much shorter distance between the embedded silver nano-
grains makes the grain growth kinetic much faster.

From the above considerations, YSZ-Ag-Mo nano-
composite coatings require less heating energy for the silver
atoms to overcome the potential barrier and cover the dis-
tance between neighboring silver grains for their growth. In
addition to the silver diffusion, the heating activates zirco-
nia structure ordering and crystallization (Fig. §). This
ordering process pushes inserted silver atoms out of the
defects inside zirconia grains, However, the YSZ-Ag-Mo
coatings produced in this study are dense and free of voids
to accommodate space requirements for the silver grain
growth, in contrast to typical porosity and voids in plasma
sprayed macrocomposite coatings. This creates a space

monolithic
1.04 YSZ-Ag-Mo film
(<5000 cycles)

T 0.8+
2
Q
5 06 YSZ-Ag-Mo
8 multilayer film
S 044 (>25000 cycles)
= 02

0.0 v

10000 15000 20000 25000

number of cycles

0 5000

Fig. 11. Friction trace of the multilayer YSZ-Ag-Mo/TiN coating in the
ball-on-disk test at 500 °C. The friction trace of monolithic YSZ-Ag-Mo
coating measured under the same conditions is shown for comparison.
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restriction for the silver grain growth inside the nanocom-
posite coating matrix. Such space for the silver grain
growth is available at the coating surface and vertical silver
diffusion transports the silver from the coating bulk to the
surface for the silver grain formation and growth (Fig. 7b).
This heating-induced silver diffusion and coalescence in
YZS-Ag-Mo nanocomposite coatings provide a thermody-
namically driven mechanism for the formation of a dense
silver layer on the coating surface, which seals a silver-
depleted YSZ-Mo composite layer inside the coating (final
stage in Fig. 9).

3.2. Silver diffusion control and lubrication mechanisms in
multilayered YSZ-Ag—MolTiN coatings

In an effort to increase the coating endurance and move
toward thermal cycling capability, a multilayer architecture
was produced by interleaving a 100 nm thick TiN diffusion
barrier in YSZ-Ag-Mo composites, as schematically
shown in Fig. 10a [12]. A thin (<50 nm) titanium adhesion
layer with Ti-YSZ graded compositions was deposited

posite layer. Also, a thin (<50 nm) Ag-Mo layer was
deposited under the TiN layer to direct the silver composi-
tion gradient downward. This Ag-Mo underlayer also pro-
vided lubrication upon initial contact of the ball with the
coating under the TiN layer at the moment when it was
breached in the wear process. This multilayer architecture
provided a fresh layer of composite lubricants after the
TiN barrier layer was worn through, as shown in
Fig. 10b. The lateral diffusion of silver from within the
lower composite layer toward the relatively small wear scar
provides a continuous supply of the lubricant (compare 10—
100 pm typical wear track width with 10-100 mm typical
substrate surface dimensions). This can considerably
increase the coating wear lifetime [12]. Fig. 11 shows the
friction traces of both monolithic and multilayer YSZ-
Ag-Mo coatings in sliding tests at 500 °C in air. The
YSZ-Ag-Mo/TiN multilayer coating maintained a friction
coefficient of approximately less than 0.4 for over 25,000
cycles, while the YSZ-Ag-Mo monolithic coating could
only provide lubrication for about 4500 cycles. The present

Fig. 12. (a) TEM image of the multifayer YSZ-Ag-Mo/TiN coating cross-section after heating to 500 °C. (b) SAED pattern taken from the top silver
layer. (c) SAED pattern taken from the silver-depleted YSZ-Mo composite layer. (d) EDS elemental mappings of Ag, Zr, Ti, Mo, O, and Fe recorded lor

the same coating cross-section as shown in (a).
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Fig. 13. (a) Schematic of the coating structure design with a TiN diffusion barrier mask on the surface. (b) SEM image showing the TiN/YSZ-Ag-Mo
coating prepared with micron pinholes on the surface. (¢) Schematic illustration of the heating-induced silver diffusion path in the coating. (d) SEM image
showing dome-like silver islands formed on the surface after heating at 500 °C for 45 min.

results demonstrate the benefit of the multilayer composite
design to increase the coating endurance for HT
lubrications.

The multilayer coating microstructure after heating to
500 °C was further studied using a TEM. Fig. 12a shows
a TEM image of the coating cross-section as prepared by
lift-out in a FIB microscope. The top silver layer was
formed by the heating-induced silver diffusion and coales-
cence on surfaces from the upper YSZ-Ag-Mo layer of
the multilayer composite coating — similar as discussed in
the Section 3.1. Micron-sized columnar silver crystals grew
on the surface, as indicated in Fig. 12a. Fig. 12b shows a
SAED pattern taken from one of the silver grains. The pat-
tern consists of individual diffraction spots of a single crys-
tal indexing fcc-Ag(111) and (200) planes.

A silver-depleted YSZ-Mo composite layer remained
beneath the silver surface after the silver diffusion to the
coating surface. A SAED pattern from this silver-depleted
YSZ-Mo layer is shown in Fig. 12c. The diffraction rings
were indexed to t-ZrO»(111), (220), and (113) planes with
random orientations in the layer. The heating effects caused
the crystallization of zirconia, which was more like an
amorphous phase in the as-deposited composite coatings.
These TEM results of the top YSZ-Ag-Mo composite
layer are in a good agreement with the above SEM and
XRD studies as discussed in the Section 3.1 and shown
in Figs. 7 and 8.

friction coefficient

0.0

0 25000
number of cycles

50000

Fig. 14. Friction trace of the TiN-barrier-masked TiN/YSZ-Ag-Mo
coating in the ball-on-disk test at 500 °C. The friction traces of monolithic
YSZ-Ag-Mo and TiN coatings measured under the same conditions are
shown for comparisons.

In contrast to the changes of the upper YSZ-Ag-Mo
layer, there was no detectable chemical composition change
in the YSZ-Ag-Mo layer under the TiN barrier layer. The
chemical compositions of the different layers were mea-
sured by the EDS elemental mappings of Ag, Zr, Ti, Mo,
O and Fe, as shown in Fig. 12d. From these analyses, it
was confirmed that the chemical compositions were well
maintained in the lower YSZ-Ag-Mo layer deposited
under the TiN barrier layer. Cross-sectional TEM of the
annealed multilayer coating did not show visible morphol-
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ogy and structural changes inside this lower composite
layer in comparison to the as-deposited coating.
Therefore, YSZ-Ag-Mo/TiN multilayer design helped
to increase wear life by the restriction of silver diffusions
in a vertical direction and created conditions for guiding
subsurface silver diffusion laterally toward the wear scar
area. This novel lateral diffusion mechanism is very benefi-
cial for HT lubrication and extends lubricant supply to the
wear track over longer time periods. It can be easily con-
trolled through an optimization of the individual compos-
ite layer thickness (defines diffusion cross-section area) and
the number of layers in the coating stack (defines total
availability of the preserved lubricant reservoirs). Also,
the insertion of dense and thin TiN barrier layers is an effi-
cient way to prevent undesirable permanent changes in
microstructures and chemistries in the depth of underlying

Pl

Ag ﬁ&g?_@t@ﬁe@nn '

YSZ-Ag-Mo composite layers. This enhances the overall
coating stability and endurance in HT applications.

3.3. Retardation of silver surface release via a porous TiN
barrier “mask’’

Instead of a dense TiN barrier interlayer for completely
sealing the underneath YSZ-Ag-Mo composite, a TiN
barrier surface layer with a random array of pinholes - a
porous TiN (p-TiN) “mask” - was produced to prolong
the wear lifetime of the YSZ-Ag-Mo composite coatings
[13]. This approach restricted the lubricant transport to
the coating surface through those holes and reduced the sil-
ver depletion rate at high temperatures. Fig. 13a shows a
schematic structural design of the coating with a p-TiN dif-
fusion barrier mask, and (b) shows a SEM image taken

Fig. 15. (a) SEM image of a dome-like silver island on the TiN-barrier-masked TiN/YSZ-Ag-Mo coating surface after heating to 500 °C, in which a white

box indicates the cross-section position for FIB cutting. (b) In-situ lift-out of the thin foil of the coating cross-section. (c) SEM image taken from the
* coating cross-section showing silver regions in bright contrast. Inset is a SEM image taken from the top of the sample. (d) DF-STEM image of the coating
cross-section showing silver regions in dark contrast with a high sensitivity to silver concentrations. (e,f) EDS elemental mappings of Ag and Ti recorded

for the same coating cross-section as shown in (c).
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from the TiN/YSZ-Ag-Mo coating with pinholes on the p-
TiN surface. The silver diffusion paths by heating are sche-
matically shown in Fig. 13¢. Dome-like silver islands
formed on the surface (Fig. 13d), after the coating was
heated to 500 °C in the tribometer furnace and maintained
at that temperature for 45 min. The size of the islands was
varied within approximate 10-50 pm. The SEM results
demonstrated that the p-TiN barrier mask restricted the sil-
ver transport to the surface, as compared to the unre-
stricted silver diffusion out of YSZ-Ag-Mo coatings
discussed in Section 3.1 and shown in Fig. 7.

Fig. 14 shows the friction trace of the above TiN/YSZ-
Ag-Mo coating in the ball-on-disk tests at 500 °C. For
comparison purposes, monolithic YSZ-Ag-Mo and dense
monolithic TiN coatings of the same total thickness as
the TIN/YSZ-Ag-Mo coating were also measured under
the same tribotest conditions. The monolithic YSZ-Ag-
Mo coating showed a steady-state friction coefficient of
0.4 before failure at 4500 cycles, as indicated by a sudden
increase in friction coefficients. The friction coefficient of
the TiN coating was maintained at 0.5 for 12,000 cycles
before increasing to 0.65, which was consistent with the
friction coefficient of uncoated M50 steel substrates at
500 °C. The TiN/YSZ-Ag-Mo coating did not fail in our
tests over 50,000 cycles, and it maintained a friction coeffi-
cient of approximate 0.4, Therefore, a significant extension
of the wear lifetime was demonstrated for the coating cov-
ered with a p-TiN barrier mask, which helped to restrict the
silver diffusion to the surface and to reduce the depletion
rate of silver in under-surface coating volumes.

For further studying the silver diffusion mechanisms in
YSZ-Ag-Mo composites under a p-TiN barrier mask,
cross-sectional specimens were prepared using a FIB to
cut sections in the middle of dome-like silver islands, as
shown in Fig. 15a. In-situ lift-out of the thin foils of coat-
ing cross-sections was performed by using an Omniprobe
manipulator attached to FIB, as shown in Fig. 15b. Elec-
tron transparent specimens were finally produced by ion
beam polishing the section foils welded on Omniprobe
grids. Fig. 15¢ shows a SEM image of the above FIB-cut
coating cross-section, and Fig. 15d shows the correspond-
ing dark field (DF) STEM image, which was taken by using
an annular STEM detector installed under the specimen.
EDS analyses determined that the dome-like islands
formed on the surface consisted of pure silver while zirco-
nia and molybdenum were maintained inside the coating
body. Figs. 15¢ and f show the EDS elemental mapping
results for Ag and Ti, respectively. Diffusion affected
regions inside YSZ-Ag-Mo composite layer, which were
sandwiched between adhesive Ti and barrier p-TiN layers,
are clearly visible in those images.

The SEM image shows the silver regions in bright con-
trast and some columnar silver crystals are indicated by
arrows in Fig. 15¢. The columnar crystal growth of silver
can also be visible in the insert SEM image taken from
the top of the sample. The DF-STEM image showed the
silver regions in dark contrast and was more sensitive to

the variation of silver contents. From these analyses, the
silver-depleted region in the coating was reasonably
defined, as indicated in Figs. 15d and e. The region width
was measured as approximate 12 um. Beyond this region,
the silver composition was maintained unchanged and
could act as a subsequent lubricant reservoir. These silver
atoms will take longer time (more than 45 min of this
annealing experiment) to diffuse out of the coating to the
surface.

These microstructure characterizations provided the evi-
dence of the lateral silver diffusion mechanism from inside
the coating toward the holes of the p-TiN barrier mask and
then vertically to the surface with a grain growth on the
exit of the p-TiN layer holes. The silver surface release
was restricted by the size and surface arca density of holes
in the p-TiN layer. This mechanism explains why the thin
p-TiN barrier mask can provide a multifold increase of
the YSZ-Ag-Mo coating endurance during HT sliding in
air.

4. Conclusions

YSZ-Ag-Mo nanocomposite coatings were produced
by combining filtered vacuum arc, magnetron sputtering
and pulsed laser depositions. They maintained a friction
coefficient of approximate 0.4 or less for all the tempera-
tures from 25 to 700 °C during HT ball-on-disk tribometer
tests. The XRD and TEM analyses of as-deposited coat-
ings determined their nanocomposite structure consisted
of silver nanograins embedded in an amorphous/nanocrys-
talline YSZ-Mo matrix. At high temperatures, the heating-
induced silver diffusion and coalescence resulted in coating
microstructure and chemistry changes with a granular sil-
ver film formed on the coating surface and a silver-depleted
YSZ~-Mo layer left underneath. Zirconia matrix crystalliza-
tion occurred in parallel with silver surface diffusion when
the coating was heated. It was confirmed that the silver dif-
fusion and coalescence on the surface played an important
part for HT lubrication mechanisms of YSZ Ag-Mo
nanocomposite coatings. Silver was an effective lubricant
at temperatures below 500 °C, and the silver coalescence
on surfaces isolated molybdenum inside the composites
from ambient oxygen. At temperatures above 500 °C, the
silver cap layer was rapidly removed from wear tracks
and hence the reactive molybdenum inside the silver-
depleted YSZ~Mo layer was exposed to ambient air. Con-
tact tribochemistry resulted in the formation of molybde-
num oxides in wear tracks, which provided lubrication at
700 °C.

For controlling silver diffusion, multilayer-structured
coatings were prepared by inserting a dense TiN diffusion
barrier layer between two YSZ-Ag-Mo nanocomposite
layers. This TiN barrier preserved lubricants underneath
for a continuous lubricant replenishment and forced a sub-
surface silver to diffuse laterally toward the wear scars,
once the TiN layer was breached by wear. Such a mecha-
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nism provided an adaptive system response with “on
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demand” lubricant supply from storage volumes inside
YSZ-Ag-Mo composites to the surface contact areas.
These multilayer YSZ-Ag-Mo/TiN coatings maintained
a friction coefficient of approximately 0.4 for more than
25,000 cycles, while the monolithic YSZ-Ag-Mo coatings
lasted less than 5000 cycles. Finally, a p-TiN barrier mask
was coated on the YSZ-Ag-Mo composite surface to
reduce the silver diffusion rate to the surface as demon-
strated by FIB microscopic studies. The wear lifetime of
p-TiN-barrier-masked coatings was increased beyond
50,000 cycles, and was significantly longer than that of
monolithic YSZ-Ag-Mo or dense TiN coatings. The pres-
ent studies establish basic mechanisms and concept foun-
dation for developing YSZ-Ag-Mo nanocomposite
coatings with dense TiN barrier interlayers and porous
TiN surface masks for HT sliding in air with moderately
low friction and long lifetime.
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Abstract Reactively sputtered Mo,N/MoS,/Ag nanocom-
posite coatings were deposited from three individual Mo,
MoS,, and Ag targets in a nitrogen environment onto Si
(111), 440C grade stainless steel, and inconel 600 substrates.
The power to the Mo target was kept constant, while power to
the MoS, and Ag targets was varied to obtain different
coating compositions. The coatings consisted of Mo,N, with
silver and/or sulfur additions of up to approximately 24 at%.
Coalting chemistry and crystal structure were evaluated using
X-ray photoelectron spectroscopy (XPS) and X-ray diffrac-
tion (XRD), which showed the presence of tetragonal Mo,N
and cubic Ag phases. The MoS, phase was detected from
XPS analysis and was likely present as an amorphous
inclusion based on the absence of characteristic XRD peaks.
The tribological properties of the coatings were investigated
in dry sliding at room temperature against SizN,, 440C
stainless steel, and AL O;. Tribological testing was also
conducted at 350 and 600 °C against Si3N4. The coatings and
respective wear tracks were examined using scanning elec-
tron microscopy (SEM), optical microscopy, profilometry,
energy dispersive X-ray spectroscopy (EDX), and micro-
Raman spectroscopy. During room temperature . tests, the
coefficients of friction (CoF) were relatively high (0.5-1.0)
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for all coating compositions, and particularly high against
SisN4 counterfaces. During high-temperature tests, the CoF
of single-phase Mo,N coatings remained high, but much
lower CoFs were observed for composite coatings with both
Ag and S additions. CoF values were maintained as low as
0.1 over 10,000 cycles for samples with Ag content in excess
of 16 at% and with sulfur content in the 5-14 at% range. The
chemistry and phase analysis of coating contact surfaces
showed temperature-adaptive behavior with the formation of
metallic silver at 350 °C and silver molybdate compounds at
600 °C tests. These -adaptive Mo,N/MoS,/Ag coatings
exhibited wear rates that were two orders of magnitude lower
compared to Mo,N and Mo,N/Ag coatings, hence providing
a high potential for lubrication and wear prevention of high-
temperature sliding contacts.

Keywords Self-lubricating friction - Solid lubricants -
Raman - Solid lubricated wear - Coatings -
Friction-reducing

1 Introduction

In the last decade, thin layers of molybdenum nitride (Mo-N)
have been investigated as materials with a wide variety of
potential applications that include catalysis [, 2], supercon-
ductivity {3, 4], diffusion barriers for copper interconnects
[5], gate electrode materials for high-k gate dielectrics [6, 7],
and as corrosion- and wear-resistant coatings [8, 9]. The
Mo-N system was reported to crystallize in three possible
phases, namely, face-centered cubic Mo,N, tetragonal Mo, N,
and hexagonal MoN [8].

Unlike other transition metal nitrides, such as TiN and
CrN, which have been investigated for a few decades now,
interest in Mo-N as a potential material for tribological
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applications is very recent. The impetus for investigating
this material stems from its superior mechanical properties
(hardness reported to be in the 28-34 GPa range compared
to 18-24 GPa for TiN and CrN) and the lubricating prop-
erties of its surface oxides (MO,) at elevated temperatures
(>300 °C) which is due to the presence of lamellar struc-
tures (Magnéli phases) that shear easily during contact
loading [10~13].

Recently, additional alloying elements were incorpo-
rated into the design of Mo-N based materials to produce
nanocomposite coatings [14]. These materials usually
exhibit superior mechanical and tribological properties
compared to their constituent phases [14, 15]. Two groups
of hard nanocomposite structures are known to provide
such enhanced mechanical and tribological properties [16]:
(1) coatings containing two hard phases such as nc-TMN/
a-SisNy (TM = transition metals such as Ti, Cr, Nb, etc.;
nc- and a- denote the nanocrystalline and amorphous
phases, respectively) or nc-TiN/a-BN, and (2) materials
containing a hard phase and a soft phase such as nc-TMN/
Me (Me = soft metals such as Cu, Ag, Co, etc.). Some of
the advantages of the former group include the possibility
to reach hardness values in excess of 40 GPa (ultra-hard
coatings) and thermal stability at temperatures up to
1,100 °C (properties that would be valuable for cutting
tools, for example). The benefit of using the latter group of
materials is the improved fracture toughness and the self-
lubricating potential, provided by the soft metal, at high
temperature (properties that are important for rolling ele-
ment bearings, air foil bearings, gears, etc.) In the
literature, alloying elements that were incorporated in the
MO-N coatings include Cu [17, 18], Ag [19, 20], Si [21,
22], and C [23]. The addition of the optimum amount of
these alloying elements was found to provide enhanced
mechanical (toughness) and tribological (reduced friction
coefficient and wear rate) properties. This is explained
further in this article for a complex 3-phase material system
made of Mo,N, MoS,, and Ag.

The aim of the current article is to provide a compre-
hensive study of the mechanical and frictional properties of
Mo,N/MoS,/Ag self-lubricating coatings for high-temper-
ature tribological applications. It is intended that these
coatings will provide a “chameleon” surface adaptation
that adjusts its surface composition and structure to mini-
mize friction as the working environment changes [13, 24—
26]. The Mo,N phase offers good mechanical and lubri-
cating properties at high temperature, as indicated earlier in
this section. The addition of both MoS, and Ag can reduce
friction at moderately high temperatures (300-400 °C)
since both ingredients are lubricious under these condi-
tions. At higher temperatures, however, the formation of
silver molybdate compounds [19, 24], such as Ag;MoQ,,
AgoMo,0+, and AgyMo,40,3, facilitated by the presence of
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MoS, [24], is expected to be an effective mechanism for
friction reduction. These molybdate compounds were pre-
dicted to be lubricious by the crystal chemical model [27],
which was used to account for the formation of low shear/
friction tribofilms in sliding contacts.

The tribological properties of Mo,N/MoS,/Ag  self-
lubricating coatings deposited by unbalanced magnetron
sputtering were evaluated at room temperature (RT), at
350, and at 600 °C. Emphasis is placed on the high-
temperature tribological properties, since these materials
were designed to be self-lubricating under these conditions.
Also, most of the tribotesting was carried out using SizNy
as a counterpart material in dry sliding conditions since it is
stable throughout the desired test temperature range prac-
tically used in hybrid bearings of jet engines and other high
temperature and space applications. It is important to note
that the friction coefficient values of nitride on nitride
surfaces reported in the literature were very high (friction
coefficients in excess of 0.8 at RT) [28, 29]. The CoF of
nitride-based coatings at high temperature are also high
(usually >0.5) [30] even against other counterfaces such as
stainless steel or alumina [31]. It was expected that the
addition of the selected lubricious phases would signifi-
cantly improve the tribological properties of these coatings.

2 Experimental Procedure

Mo,N/MoS,/Ag thin coatings were deposited on hardened
440C grade stainless steel and on inconel 600 substrates
using an unbalanced magnetron sputtering apparatus that
was described in detail elsewhere [32]. The substrates were
cleaned ultrasonically in acetone and methanol for 15 min
and successively rinsed with deionized water and blown
with dry N,. The coatings were grown using individual
targets of Mo, MoS,, and Ag that were 5 cm in diameter.
The base pressure of the system was lower than 1 x 107° Pa
prior to each coating deposition. The coatings were grown in
amixed atmosphere of Ar (99.999% purity) and N; (99.99%
purity) with partial pressures that were set to 0.3 and
0.04 Pa, respectively. During deposition, the power to the
Mo target was fixed at 200 W and the power to the MoS, and
Ag sources were varied, as shown in Table I. Table 1 pro-
vides the coating nomenclature designation, which is used
throughout the text and figures. The substrates'were held ata
bias voltage of —60 V and were continuously rotated about
their polar axis with a rotational speed of 50 rpm. The
coatings were grown for 1.5 h at a substrate temperature of
350 °C leading to coating thicknesses in the 2.8 £ 0.3 pm
range.

Structural characterization of the deposited coatings was
carried out using a GBS MMA (Mini materials analyzer)
X-ray diffractometer. All spectra were taken using Cu-Ko
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Table I Nomenclature, deposition conditions, and composition of 350
Mo;N/MoS,/Ag coatings obtained by magnetron sputtering of Mo, p-Mo,N
Ag, and MoS; targets. The first number in the coating nomenclature 300 | l Ag
corresponds to the power to the Ag target whereas the second number
corresponds to the power to the MoS, target. Both powers were the 250 | (
variable deposition parameters in this study 5 L ,‘ ©
Coating  S-0-0 S-50-40 S$-30-20 S$-27-0 S-14-40 $-20-20 E 200 - ’ $-0-0
Pag(W) 0 50 30 27 14 20 R A :

e ; 5 §-20-20
Pros2 (W) 0 40 20 0 40 20 £
Mo (at%) 63 40 45 48 47 47 IR
N (at%) 37 27 34 36 32 35 50 o S-30-20
S (at%) 0 9 5 0 13 6
Ag (at%) 0 24 16 16 8 12 0¢t ——

30 40 50 60 70 80

radiation with an accelerating voltage of 35 kV and a
current of 30 mA. The elemental and phase compositions
were determined using a Leybold Max 200 X-ray photo-
electron spectroscopy (XPS) analyzer and a Renishaw SPM
micro-Raman system. Scanning electron microscopy
(SEM) was performed using a Hitachi S570, operating at
20 kV, to analyze the morphology of the coatings before
and after wear testing. The SEM system was equipped with
an energy dispersive X-ray (EDX) apparatus for elemental
analysis.

A Nanovea ball on disk tribotester (Microphotonics,
Irvine, CA) was employed for the evaluation of wear and
friction behavior at room temperature under two condi-
tions: (1) in air (50 % 5% relative humidity) and (2) in dry
nitrogen. Three different counterpart materials were used
during tribotesting: (1) alumina, (2) 440C stainless steel
(SS), and (3) SizNy balls with a diameter of 6 mm. The
measurements were carried out using a normal load of I N
and a sliding rate of 0.2 m/s for 10,000 cycles. A high-
temperature tribotester was subsequently used to test the
performance of the deposited coupons at 350 and 600 °C
using SisN, balls as counterparts with the same conditions
as those used for room temperature testing. Wear rates
were then determined from the cross section of the wear
track, measured using multiple profilometry line scans of
the surface. Counterpart wear was investigated qualita-
tively with microscopy and also by identification of
counterpart species via surface analysis in coating wear
tracks.

3 Results and Discussion
3.1 As Deposited Coatings
The X-ray diffraction pattern of MO-N coatings, shown in

Fig. 1, is characteristic of tetragonal f-Mo,N (JCPDS card
no.: 75-1,150) [33]. Grain size was estimated from the

20 (degrees)

Fig. 1 XRD data for selected as deposited coatings

Scherrer formula to be about 15 nm [32]. The addition of
Ag and MoS, resulted in a broadening in the f-Mo,N
diffraction peaks (due to the grain refinement that origi-
nated from the creation of a nanocomposite structure [32,
34] and the appearance of new ones that correspond to face
centered cubic silver, as shown in Fig. [.

The atomic concentrations of Mo, Ag, S, and N were
quantified with the XPS technique and are summarized in
Table 1. The Mosq, Agaqg, Sap, and Ny, peaks were located
at 228.2, 368.5, 1624, and 397.2 eV, respectively. A
conventional curve-fitting method was utilized to deter-
mine the contribution from the N, peak since it overlapped
with the tail of the Mos, peak [35]. The binding energy of
the Mosysp, peak was similar to the one reported for the
lower valence state Mo?" that corresponds to molybdenum
nitride (228.4 + 0.2 eV) [35]. The position of the N, peak
was in agreement with the values reported for Mo,N
(397.4 £ 0.2 eV) [35]. The S, line consists of a singlet
peak with a binding energy value that corresponds to S+
[36]. This indicates that the sulfur species were bonded to
Mo atoms in an MoS, phase which was, however, amor-
phous as suggested by the absence of characteristic
hexagonal MoS, peaks in XRD spectra. Finally, the bind-
ing energy of the Agsq peak is typical of a metallic Ag-Ag
bond (368.7 + 0.2 eV) [32].

3.2 Room Temperature Tests

The average coefficients of friction (CoF) measured during
tribological tests with the different counterpart materials
in both air and dry nitrogen environments are presented
in Table 2. In air, the CoF for Mo,N was found to be
the highest when tested against SizN4 (¢ = 1.06) and the
lowest when tested against Al,Oz (p = 0.28). In dry
nitrogen, however, the CoF was found to be the highest
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Table 2 Coefficients of friction and wear rates for Mo,N/MoS,/Ag coatings obtained in sliding tests against Al,Os, SizNy, and stainless steel
(SS) balls tested at room temperature in air and in dry nitrogen, at 350 °C in air, and at 600 °C in air

Coating $-0-0 $-50-40 $-30-20 §-27-0 S-14-40 $-20-20
Coefficients of friction at room temperature

AlLO4/Air 0.28 0.52 0.54 0.69 0.56 0.67
AlLO4/N, 0.85 0.49 0.60 0.68 0.59 0.72
SisNy/Air 1.06 0.62 0.42 0.55 0.80 0.70
Si,N4/N, 0.67 0.80 052 0.60 0.76 0.73
SS/Air 0.42 0.68 0.54 0.62 0.74 0.72
SS/N, 0.27 0.70 0.45 0.57 0.69 0.66
Wear rates in mm’/(nm} at room temperature

ALOs/Air Little wear 3 x 10 2 x 107 4 x 107 9 x 1073 9 x 107°
ALOsN, 9 % 1077 5% 107 3 x 107 6 x 1074 1 x107* 2 x 107*
SisNy/Air Little wear 6 x 107* 3 % 107 7 x 107* 1 x 10~ 6 x 107°
Si,N4/N, 5% 1073 4 x 107 4 x 107* 8 x 107 2 % 107 1 x 1074
SS/Air 3 x 107¢ 5 x 107 4 x 1074 7 x 107* 9 x 1073 3x 1074
SS/N, Little wear 3% 107* 3 x 107 5x 1074 g x 107° 2 x 1074
Coefficients of friction and wear rates in mni/(nm) against SizNy at 350 °C air

CoF 0.80 0.37 0.37 0.40 0.45 0.40
Wear rate 7 x 1073 9 x 1077 7 x 1073 6 x 107° 5% 1073 4 x 1077
Coefficients of friction and wear rates in mm’/(nm) against SisNy at 600 °C air

CoF 0.72 0.10 0.10 0.45 0.18 0.23
Wear rate 5x 1074 8 x 107° I x 107° 1 x 107" 6 x 107° 4 x 107°

against AlbO; (u = 0.85), and the lowest against SS
(# = 0.27). The addition of MoS, and Ag was found to
improve the frictional properties against SizN4. For
example, the measured CoF for coating S-30-20 was 0.42
and 0.52 in air and dry nitrogen, respectively. SEM images
of the wear tracks for this particular coating sample are
shown in Fig. 2. The wear in contact with Al,O; was less
than with SS or SisN,4. However, the counterpart wear of
Al,O3 was greater than that of SS or SizN4. The wear tracks
were analyzed using Raman spectroscopy. All spectra
displayed a broad peak centered at 903 cm™' which

belongs to the monoclinic f-MoO; phase [37]. EDX data
displayed in Fig. 2 revealed that some of the coating was
worn through (dark regions) when tested in air against
AL, Q5 and SisN,. This was probably due to the relatively
high silver content which would result in a much softer
coating. Very little coating wear was measured for coating
compositions that had little or no Ag (e.g. see data in
Table 2 for coating S-0-0 at room temperature). However,
the wear of the counterfaces was more pronounced because
the hardness of such coatings was much higher than that of
the counterface material. For example, the hardness of the

Fig. 2 SEM micrographs for a
S-30-20 coating tested at room
temperature (a) in dry nitrogen
and (b) in air against SizNy balls
as counterface materials. Also
shown are the elemental
compositions (at%) of the
different regions identified on
the micrographs

o

Area 1: Mo(30), N(14), S(11), Ag(14), O(31), Si(0)
Area 2: Mo(22), N(7), S(7), Ag(7), O(56), Si(1)

Area 3: Mo(42), N(13), S(10), Ag(19), O(14), Si(2)
Area 4: Mo(3), N(4), S(0), Ag(1), O(11), Si(3), Fe (78)
Area 5: Mo(19), N(11), S(9), Ag(9), O(35), Si(6), Fe(11)
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Mo,N coating (S-0-0) was measured to be 30 £+ 2 GPa
compared to 15, 12, and 5 GPa for Al,03, SizNy, and SS,
respectively. Silicon (2-14 at%) was detected by EDX on
coating samples tested against SizN4 balls suggesting that
ball material transfer to coating wear tracks occurred dur-
ing testing. The amount of transferred Si increased with
decreasing atomic fractions of lubricating phases added to
the hard Mo,N matrix, with the maximum Si detected
inside wear tracks for single-phase Mo,N coating (S-0-0).
The addition of MoS, and Ag substantially decreased the
wear of SisNy balls, which explains the improved CoF (see
Table 2, SisN4/Air). Neither of the Mo,N/MoS,/Ag coat-
ings investigated here demonstrated the frictional response
of MoS,, at room temperature. This suggests that the
amorphous MoS, component in the coating was incapable
of developing a surface lubricating film at the contact
surface, as observed in previously investigated chameleon
coatings [38, 39]. This discrepancy could be the result of
the relatively small amount of MoS, in the current study.

3.3 350 °C Tests

Table 2 shows the CoF measured at 350 °C for the dif-
ferent Mo,N/MoS,/Ag coatings. The results shown in this
table indicated that the addition of the lubricious phases
provided significant improvements toward reducing fric-
tion. For instance, the CoF decreased from yu = 0.72 for
pure Mo, N to 0.37-0.4 for coatings with silver contents in
excess of 12 at%, which is typical for hard surfaces
lubricated with noble metals in this temperature range [13,
40]. The addition of MoS, did not, however, seem to sig-
nificantly affect the CoF. Shown in Fig. 3 are Raman
spectroscopy data for S-27-0 coating outside the wear track

12000 | oMo,
o Ag,M0,0,5 ¢

9000 . S-30-20 (wear track) —,
3
5 5

6000 |/} . /i } ]
% ’rg\w“”/ ‘"j x'jt‘“&w,,,f\“ JANW.M,/ S
5 AN P —
2 7 "\8§-30-20 (coating)
= 3000

W §-27-0 (coating)

1 1
200 400 600 800 1000

Raman Shift (cm™)

Fig. 3 Raman spectroscopy data for (a) S-27-0 coating outside wear
track, (b) S-30-20 coating outside wear track, and (¢) S-30-20 coating
in wear track, after 350 °C sliding tests against Si;Ny

(a) and for S-30-20 coating outside (b) and inside (c) the
wear track. The Raman data measured for all Mo,N/MoS,/
Ag coatings revealed that only the o-MoOj; readily formed
on the surface. However, a broad peak in the §50-950 em™!
region was also observed in the wear track, especially
for the sulfur-containing coatings, as shown in Fig. 3 for
S-30-20. This broad peak could correspond to contributions
from the Ag;Mo40,3 Raman modes with peaks located at
865, 903, and 953 cm ™' [19]. Another important phase that
formed on the surface of the coatings is pure silver, similar
to reports on silver surface diffusion and coalescence at
elevated temperatures for other nanocomposite coatings
[13, 25, 30]. Silver provides no Raman response and, hence,
complementary techniques were used to confirm its pres-
ence. XRD and SEM measurements (not shown) indicated
that metallic silver formed on the surface of the coatings
after heating at 350 °C. Its content in the wear track was
found to be higher than in other areas of the coating using
both EDX and XPS. Hence, silver and «-MoQO; are the
predominant phases in the wear track. In this temperature
range, silver diffusion to the surface is rapid, and controls
the sliding mechanism as evidenced by corresponding COF
values in Table 2. The formation of «-MoO3 and very small
amounts of Ag;Mo,40,; in the wear tracks detected with
Raman analyses suggest that 350 °C may be close to the
onset temperature of chemical reactions in the contact,
which reduce friction at higher temperatures and allow for
coating self-adaptation to temperature.

3.4 600 °C Tests

Figure 4 shows the friction coefficients for the Mo,N/
MoS,/Ag nanocomposite coatings at 600 °C. The Mo,;N
reference coating (S-0-0) exhibited a high friction coeffi-
cient (u = 0.8) against Si;N, counterfaces. The addition of
Ag and/or MoS, was found to reduce the friction coeffi-
cient substantially. For example, a very low value of
p = 0.1 was obtained for $-30-20 and S-50-40 coatings.
This is most significant, since all reported CoF of nitride-
based materials against Si;N4 had much higher values (in
excess of 0.8). Even against alumina counterparts, which
typically yield lower friction coefficients, the reported CoF
for self-lubricating nitride coatings was significantly
higher. For example, Gulbinski and Susko [19] recently
reported that the value for Mo,N/Ag against Al,O3; was
u = 0.5 when tested at 400 °C. This was close to that
measured in the current work for the Mo,N/Ag coating
(Table 2, coating S-27-0). Also, Kutchej et al. [41] repor-
ted CoF values greater than 0.4 for the CrN/Ag system with
different Ag contents when tested at 600 °C against Al,Os.
Unfortunately, neither of these literature reports provide
data for tests against SizNy4 balls.
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Fig. 4 CoF for selected coatings recorded at 600 °C sliding tests
against SizNy4

Wear rates were determined by evaluating the topogra-
phy of the wear tracks using a stylus profilometer. The
calculated wear rates, listed in Table 2, clearly demonstrate
that the tribological properties of Mo,N are improved with
the addition of lubricious phases. The wear rate for S-50-40
was found to be 8 x 107® mm*nm, which is approxi-
mately two orders of magnitude better than that of Mo,N
(5 x 107* mm*/nm for S-0-0). The wear rate of the balls
was also reduced because of the lubricious nature of the
coatings.

Figure 5 shows the surface topography of the wear
tracks for selected Mo,N/MoS,/Ag nanocomposite coat-
ings after 10,000 sliding cycles. The corresponding
elemental compositions of different regions in these
micrographs were estimated by EDX and were also
reported in this figure. Silver was distributed throughout
the wear tracks for coatings with silver content greater than
12% (S-20-20, S-30-20, and S-50-40). The bright particles

Fig. 5 SEM micrographs after
tribotesting at 600 °C for

(a) S-30-20 coating and

(b) S-14-40 coating. Also
shown are the elemental
compositions (at%) of the
different regions identified on
the micrographs

il

Area 1: Mo(10), N(12), S(1), Ag(36), O(40), Si(1)

shown outside of the wear track in Mo,N/MoS,/Ag coat-
ings correspond to Ag-based agglomerates of various sizes
that were uniformly distributed on the coating surface
(Fig. 5a). Both the size and density of these particles
increased with Ag content in the coatings. The surface
topography of coatings with relatively high MoS, content
is shown in Fig. 5b. Equiaxed grains and one-axis elon-
gated phases appear on the surface of the coatings outside
of the wear tracks and some are spread homogeneously in
the wear tracks. Similar surface morphology was observed
in earlier studies with YSZ-MoS,—Ag adaptive coatings
and was explained by the formation of significant amounts
of silver molybdate phases on the surface [25].

To investigate the wear track chemistry and structural
changes, phase composition of the surface oxides were
evaluated using micro-Raman spectroscopy (Fig. 6).
Raman spectroscopy measurements indicated that the sur-
face of the S-0-0 coating consisted primarily of the MoO,
phase whereas data taken in its wear track revealed the
presence of the a-MoO; phase in addition to MoO,. Both
phases are the most stable oxides of molybdenum where
the oxidation states of Mo are tetravalent and hexavalent
for MoO, and x-MoOs;, respectively [42]. However, the
Raman spectra for Mo,N/MoS,/Ag nanocomposite coat-
ings indicated the presence of Ag;Mo40; silver molybdate
phase (19] in addition to 2-MoO; and MoO,. The forma-
tion of the Ag,Mo40,3 phase rather than the Ag,MoQ, or
Ag,Mo,05 phases was expected given the relatively large
Mo content in the coatings, according to the phase diagram
of the MoO;3;—Ag,0 system [43]. The Raman spectroscopy
data also revealed that coatings with relatively high sulfur
content favor the formation of silver molybdate over the
formation of molybdenum oxide phases. The formation of
silver molybdate compounds was reported to be the result
of the reaction MoS, £+ Ag — AgMoS, with the sulfur
atoms being replaced by oxygen atoms at temperatures
above 500 °C [25]. This agrees well with reports that sulfur

Area 2: Mo(9), N(5), S(1), Ag(69), O(9), Si(7)
Area 3: Mo(14), N(15), S(2), Ag(26), O(41), Si(3)
Area 4: Mo(21), N(5), S(3), Ag(7), O(63), Si(1)
Area 5: Mo(13), N(3), S(4), Ag(19), O(60), Si(1)
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Fig. 6 Raman data from the surface of selected coatings after
tribotesting at 600 °C

acts as a catalyst in the formation of lubricious molybdate
phases at high temperatures [25]. Thus, Mo,N/MoS,/Ag
coatings in the current work had maintained a low friction
coefficient at high temperatures due to the formation of
Ag2M04013.

Raman spectra were also recorded in different regions of
the wear track, as shown in Fig. 7 for S-30-20. Optical
micrographs of the regions analyzed with the Raman
microprobe are also shown, Under an optical microscope,
the majority of the wear track surface is covered by white
patches. A much smaller area is covered by black regions
where occasional orange spots were seen. Micro-Raman
analysis of these regions indicated that: (1) the coating
consisted primarily of Ag,Mo0,0,; and a-MoOj3; (2) the
white areas in the wear tracks (region | in Fig. 7) were

Fig. 7 Raman spectroscopy
data for different regions of a

S-30-20 coating after 1500

exclusively Ag-Mo40,5; which explains the low measured
friction coefficient; (3) the black patches in the wear tracks
(region 2 in Fig. 7) were a mixture of Ag,Mo,0,; and o-
MoOj3; and (4) the orange spots in the black areas (region 3
in Fig. 7) corresponded to «-MoO5. A comparison between
Raman data outside and inside the wear track indicates that
the contact process between rubbing surfaces promotes the
formation of the molybdate phase over the molybdenum
oxide phase. This adaptive behavior in friction contact
areas was also in agreement with observations made when
the coatings were tribotested at 350 °C.

The results of the Raman investigation were confirmed
by the XRD data shown in Fig. 8 for §-0-0 and S-30-20
coatings after 600 °C tests. The diffraction peaks for
Mo,N correspond to the tetragonal f-Mo,N already
observed prior to going through the high-temperature
wear testing in addition to the monoclinic MoO, phase
(JCPDS card no.: 78-1,070). In addition to these peaks, the
spectra of the Mo,N/MoS,/Ag coatings included peaks
that matched those of Ag,Mo40;3, ®-M0oO3, and metallic
Ag. XPS data were also collected on the coating and in the
wear track regions. The main difference between the peak
positions measured before and after wear testing was the
broadening of the Mosy peak due to the emergence of
peaks reported for the higher valence states Mo** and
Mo®" that correspond to molybdenum oxides MoO,
(230.0 & 0.2 eV) and MoOj3 (232.5 £ 0.2 eV), respec-
tively [31]. The other peaks remained at about the same
positions (within the accuracy of the measurement) and
there was no noticeable difference between the data col-
lected outside and inside wear tracks. Peak intensities,
however, changed significantly due to the migration of
silver to the surface.

tribotesting at 600 °C
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Fig. 8 XRD data for selected coatings after wear testing at 600 °C

4 Conclusions

Composite coatings of Mo,N/MoS,/Ag were deposited
using unbalanced magnetron sputtering, which included
crystalline phases of Mo,N and silver, and an amorphous
MoS,. The coating composition was systematically varied
to provide coatings with /-Mo,N main phase and additions
of MoS, and Ag phases, with total variations of 0-13 at%
S and 0-24 at% Ag contents. The friction coefficients of
these materials were measured at 25, 350, and 600 °C.
Relatively high friction coefficients in the range of 0.5-1.0
were recorded when the coatings were tested at room
temperature against Al,O;, SizNy, and 440C steel coun-
terparts, where tests against Al,O; provided the lowest
friction and tests against SisNy the highest friction coeffi-
cients The friction coefficient at room temperature was at
the lower range of 0.5 for coatings with a high amount of
sulfur; however, the total fraction of amorphous MoS, in
the coating composition was not significant for providing
hexagonal MoS, behavior. At higher temperatures, the
addition of both Ag and MoS, was found to significantly
decrease the friction coefficients as a result of the migration
of Ag to the surface at 350 °C and the formation of
lubricious silver molybdate phases at 600 °C inside wear
tracks, which dominated over the formation of molybde-
num oxides. The presence of sulfur in the coatings was
instrumental in promoting these lubricious phases and
achieving temperature-adaptive behavior. The lowest fric-
tion coefficient (4 = 0.1) was recorded for samples with
Ag content >16 at% and with S content in the 5-14 at%
range. This is a significant result given that CoF of self-
lubricating nitride-based coatings reported in the literature
were significantly higher. The composite Mo,N/MoS,/Ag
coatings also showed up to a two-order magnitude wear
rate reduction in comparison to Mo,N single-phase

@ Springer

coatings. The observed reduced friction coefficients and
wear endurance of these composite coatings with a self-
lubricating adaptive behavior may be beneficial for friction
and wear reduction in hybrid bearings and other mechan-
ical components operating at elevated temperatures.
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Plasma Treatment of Carbon Nanotubes
J.G. Jones®, C. Muratore®, A.R. Waite?, and A.A. Voevodin®
*Air Force Research Laboratory, Materials and Manufacturing Directorate
Wright-Patterson AFB, OH, 45433-7746
This paper investigates plasma treatment of vertically aligned multi-wall cérbon
nanotubes (CNTs) treated in different plasma environments including for modification of
surface chemistry and morphology. A pulsed plasma treatment was used to modify CNT
surfaces by attaching N and H atoms. Optical emission spectroscopy was used to detect
atomic and molecular excitation for the gas mixtures of pure hydrogen, pure nitrogen,
pure argon, argon/hydrogen, and argon/nitrogeﬁ. Results demonstrated the presence of
atomic, excited, and ionized species in the vicinity of the CNT sample surfaces. In situ
X-ray photoelectron spectroscopy (XPS) was performed on the treated samples to
examine CNT surface chemistry after treatment. The analyses show formation of both C-
N and C-H bonds indicating CNT surface functionalization. Correlations of the plasma
characteristics, chemistry, and bonding of the modified CNT surfaces are discussed for
different environments.

Keywords: Multi-Wall Carbon Nanotubes, Plasma Treatment, Nitrogen, Hydrogen
Contact: john jones@wpafb.af.mil
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1. INTRODUCTION

Carbon Nanotubes (CNTs) are currently of tremendous interest in many research
areas due to their unique properties of strength, thermal conductivity, electrical
impedance, and chemical resistance. CNTs can be envisioned as a 2-D hexagonal array
of carbon atoms rolled into tubes. Tube diameters can range from a few angstroms to
tens of nanometers. Because of the possibility of different CNT diameters, single wall
and multi-wall structures are possible. Ever since the discovery of CNTs, material
scientists around the world have been studying them due to their properties' electrical
conductivity and strength. One of the challenges in actual applications of CNTs is to
functionalize the outer surface using hydrogen or nitrogen in order to both remove
unbonded carbon sites as well as to change the surface interface in order to enable better
mechanical adhesion. This work seeks to determine the ability to functionalize the CNT
surfaces through the use of various plasma treatments.

By using a pulsed glow discharge plasma at low temperature and low pressure,
functional groups can be attached to the CNT surface without causing significant
structural damage’. The use of a pulsed power supply was chosen so that both
conducting and insulating samples could be used as the cathode. This pulsed DC power
supply was chosen over a RF power supply because it offers more flexibility in the
process parameters and is therefore more powerful. With the pulsed power supply, the
user specified parameters are the pulse frequency, the amplitude, the duty cycle, and
reverse time. The reverse time is the duration that the polarity of the voltage is reversed
in order to clear the buildup of charge by attracting particles of the opposite charge. This

minimization of charging also tends to eliminate arcs. If arcs do occur, the arc

143



Paper#1537 Jones, et al. Page# 3 of 9

‘suppression circuitry extinguishes them in 5 to 200 ps, thereby eliminating any
significant substrate damage.

With optical emission spectroscopy, specific wavelength optical emissions can be
detected and continuously monitored during plasma treatment. These detected optical
emissions are indicative of specific electronic transitions that occur due to both the
plasma and plasma-surface interaction. Knowing the major species in the plasma assists
in determining effective gas mixtures for obtaining the desired surface properties on the
CNT arrays. XPS was chosen to analyze surface chemistry of the CNTs. XPS allows
compositional analysis of the surface without penetrating into the sample allowing for

direct analysis of the sample surface and degree of functionalization.

II. EXPERIMENT

Vertically aligned multi-wall CNTs were obtained from Rensselaer Polytechnic
Institute for modification with a high power pulsed plasma treatment in order to attach
nitrogen or hydrogen atoms to the unbonded C sites of the CNT surfaces. Samples were
each sequentially placed in a UHV chamber and evacuated to 1.3x10™ Pa before
processing, first with an iQn beam. Before the plasma treatment, the CNTs were sputter
cleaned with an ion beam source for 5 seconds at 3.5 amps and 300 volts in an argon gas
environment being leaked into the chamber through the ion beam at 4 sccm. The reactive
plasma treatment was accomplished using an Advanced Energy DC Pinnacle Plus pulsed
plasma source running at a nominal 600 volts, with a pulse frequency of 150 kHz, and a
reverse time of 1 us. Power was directly applied to the sample making it the cathode for
the plasma source, while the ground for the power supply was connected to the chamber.

Samples were exposed to the plasma for 50 seconds, Fig. 1. This configuration created a
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plasma discharge around the CNT’s. After processing each sample, the chamber was
evacuated, a different gas ratio established, and the chamber pressurized to 4 Pa. The
gases utilized in the plasma treatments were argon (Ar), hydrogen (Hz), and nitrogen
(N,). For each gas mixture, the chamber pressure was maintained at 4 Pa with a total gas
flow rate of 50 sccm. This process was repeated for both hydrogen with argon and
nitrogen with argon with ratios of 0, 20, 40, 60, 80, and 100% respectively. Spectra of
each plasma gas mixture was collected with an Ocean Optics HR4000CG-UV-NIR high
resolution spectrometer with a 200-1100 nm range, a fiber collection bundle coupling
with fixed position focusing optics with spectrometer settings of an integration time of
1000 ms and a 4 scan average. The five gas mixtures utilized for plasma treatment of
actual CNT carpet samples was as follows: 10 sccm Ar/40 sccm H», 40 scem Ar/10 sccm
H,, 10 sccm Ar/40 sccm N», 40 sccm Ar/10 scem N, and 50 scem Ar.

X-ray photoelectron spectrometer (XPS) scans of the 5 treated samples were
performed in situ under ultra high vacuum conditions in order to analyze the surface
chemistry of the CNT’s as shown in Fig. 1. The in situ XPS scans were performed using
a Staib XPS system with a magnesium x-ray source operating at 100 watts. XPS scans of
each sample were taken “as received”, then again after a 5 second ion beam cleaning, and
finally after the 45 second plasma surface treatment. From the XPS analyses, the relative
peak heights were measured to obtain the CNT surface compositions. Ex-situ high
resolution scans were also taken on selected samples, after they were exposed to the

atmosphere.

III. RESULTS AND DISCUSSION
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Spectra collected for mixtures of hydrogen and nitrogen with argon, Fig. 2, show
predominantly excited transitions, such as H at 656.3 and 486.1 nm for the pure
hydrogen case; and these two peaks having their maximum intensity in a mixture of 80%
hydrogen and 20% argon. The excited hydrogen emission intensity for the case of having
100% hydrogen was actually comparable to having 20% hydrogen with 80% argon. For
the cases of 20, 40, 60, and 80% hydrogen with the remaining percentage being argon,
there seemed to be a monotonic increase in excited hydrogen emission, and a linear
decrease in excited argon emissions, Fig. 2. The images of plasma emission from
hydrogen and argon show a narrowing of the diameter of the plasma at the substrate
surface with increasing hydrogen concentration. The images of plasma emission from
nitrogen and argon show very little change with regard to nitrogen concentration,
excluding the pure argon case. Optical emission spectra collected for nitrogen and argon
do show subtle changes with increasing nitrogen concentrations, such as the increase in
ionized nitrogen, N™', indicated by the peak located at 391 nm. All of the other nitrogen
peaks increase in a more subtle fashion, but nonetheless increased with increasing
nitrogen concentration. Table 1> details the detected species and corresponding
transitions sorted by wavelength detected. The list corresponds with detected atomic and
molecular, excited and ionized, nitrogen, excited hydrogen, and excited argon.

SEM images show the morphological changes that occur from the different
plasma treatments, Fig. 3. The 80% nitrogen and to a lesser degree the 20% nitrogen
plasma treatments show an increased surface roughness as well as clusters at the surface.

The 80% hydrogen and less so the 20% hydrogen plasma treatments show a much
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smoother surface that what was originally shown with the “as received” surface. No
effect of exposure to air on surface morphology on this scale is observed.

In situ XPS characterization was performed without contaminating the samples
through exposure to air, Fig. 4. Samples were processed first with a 5 second ion beam,
and subsequently with a plasma for 45 seconds. For the case of the 80% and 20%
nitrogen treated samples, there is clearly a N 1s peak present that was not present before.
Clearly, the nitrogen plasma is causing bonding of nitrogen with the CNT’s, and a small
amount of O 1s indicative of oxygen contamination. For the 80% nitrogen treated
sample, the XPS N Is peak measurement represents 13% atomic nitrogen in the CNT
sample. For the other two samples having been treated with 80% and 20% hydrogen, the
XPS scans show minimal oxygen and nitrogen content through the small O 1s and N 1s
peaks. XPS does not detect hydrogen bonding, but the carbon peak will be shifted subtly
with hydrogen bonds.

Using a ex situ high resolution XPS, measurements were taken of selected
samples to show the shift of the carbon peak, C 1s, with exposure to 80% hydrogen and
nitrogen plasmas, Fig. 5. The first XPS C 1s peak was measured from an as received
CNT carpet sample, showing a peak at 284.5 eV which corresponds to literature of C-C
bonds being at 284.5-284.7 eV. The second sample analyzed ex situ was treated with
80% hydrogen, showing a shift in the C 1s peak to 285 eV, again in good agreement with
literature of a C-H bond energy of 285 eV. Lastly, a sample treated with 8§0% nitrogen
demonstrated an even larger peak shift, and again in good agreement with literature of
C=N bonding being at 286.2 eV, and C-N bonding being at 287.23 eV. For reference, a

C-0O bond would show a peak location of 289-290 eV. This last sample treated in 80%
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nitrogen showed an asymmetric peak, so clearly not all of the bonds are between carbon

and nitrogen as there are many C-C bonds as well.

IV. CONCLUSIONS

Vertically aligned multi-wall carbon nanotubes on a silicon wafer were treated with both
hydrogen and nitrogen based plasmas. Optical emission spectroscopy showed that
maximizing the hydrogen concentration in a plasma requires some argon to significantly
increase the excitation of hydrogen at room temperature and 4 Pa. Optical emission
spectroscopy also showed that maximum nitrogen concentrations can be achieved with
pure nitrogen, but 80% nitrogen was used for sample treatment for comparison with
hydrogen treated samples. Using a pulsed plasma power supply with the sample acting
as the cathode provides the ability for surface modification at room temperatures for the

purposes of CNT functionalization,
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Figure Captions
Figure 1: UHV Vacuum chamber used for Plasma Processing Multi-wall carbon
nanotube carpets; with XPS surface analysis chamber available via sample transfer arms.

Figure 2: Plasma emission spectra recorded at 4 Pa background pressures for a)
mixtures of argon and hydrogen and b) mixtures of argon and nitrogen.

Table 1: Detected species, identified transitions, and corresponding wavelengths in nm.
Figure 3: SEM images for a) as received multi-wall nanotube carpet sample, b) sample
after treatment with 80% N, / 20% Ar, ¢) after treatment with 20% N, / 80% Ar, d) after
treatment with 80% H, / 20 % Ar, and e) after treatment with 20% H, / 80% Ar.

Figure 4: XPS scan after plasma treatment with four different environments of argon gas
in combination with 80% & 20% N, and H,, all at the same 4 Pa pressure.

Figure 5: Comparison of XPS Cls bonding energies for a) as received multi-wall

nanotube carpet, b) after treatment with 80% H> / 20% Ar, and c) after treatment with
80% N, /20% Ar.
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Figure 2 (a,b)
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Table 1

Specie Transition nm
N2 (2nd pos) cr, - B, 307-316
N2 (2nd pos) c, - B3ﬂg 315.4

N i 4P° - 4P 336.734
N2 1l B%%, " - xzzg+ 353.9
N2 Il B, ' - X75,* 358
N2 (2nd pos) C1, - Bl 370-380
NIV tP°-1D 374.754
N2 (2nd pos) ce, - B3Hg 380
N I 1P - 1P° 391.9
NIl 1P°-1D 399.5
N IV 1P°-1D 405.776
Arl 2[312]°- 2[3/2] | 415.859
Ar | 2[3/2]° - 2[1/2] 419.8317
Arl 211721 - 2[1/2] | 425.9362
N2 (2nd pos) cr, - B3Hg 427
Ar i 2[1/2]° - 2{3/2] | 433.3561
HI 2p°-2D 434.047
Ar i 2p - 2p° 476.4865
HI 2p° - 2D 486.133
NH 1P°-3D 574.73
N2 (1st pos) B2I1, - A" 536-612
N1l 3P - 3D° 592.781
N i 3P - 3D° 595.239
N | 28°-2P 599.943
Arl 2[3/2] - 2[1/2]° | 602.515
Arl 2[5/2] - 2[7/2]° | 603.2127
N2 (1st pos) Bl - A°% | 630690
Arl 2[1/2] - 2[3/2]° | 641.6307
N il 4P - 4D° 646.702
H I 2p°-2D 656.2852
NI 1D - 1F° 661.056
Arl 2[1/2] - 2[3/2]° | 675.2834
Arl 2[1/2] - 2[1/2]° | 687.1289
Arl 2[3/121° - 2[1/2] | 696.5431
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Figure 3 (a,b,c,d,e

a) as-received b) 80% nitrogen plasma c) 20% nitrogen plasma

Tthpan Ithun

d) 80% hydrogen plasma

154



Jones, et. al.
Figure 4
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Figure 5 (a,b,c)
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ABSTRACT

The topology of conventional noble-metal-coated switch counterfaces creates modes of switch
failure via fouling, arcing, and local melting when impacted. To avoid these failure phenomena,
compliant conductive contact surfaces of vertically aligned multi-wall nanotube arrays grown on
conductive substrates have been fabricated. Infiltration of the array by noble metal results in a
robust compliant switch contact surface. Cyclic hot-switch testing of the nanotube based switch,
via modified nano-indentation, results in performance surpassing conventional designs with
stable resistance of 0.4Q over 3000 cycles for 20mN contacting force. Investigating the
physical performance of the array shows the array is compacted less than 3% over the first 500
cycles with no observable compaction through the remaining cycles. The improvement in
performance of the nanotube based switch is attributed to the ability for the compliant contact
surface to conform to the probe tip geometry, increasing the effective contact surface area.

INTRODUCTION

In metal-metal low-force electrical switch contacts there are a limited number of design variables
to be considered. One can look at modifying the contacting configuration, the contacting force,
or the contacting materials of the switch counterfaces. The fundamental criteria used to optimize
these variables within the design envelope are the contact resistance and functional lifetime of
the switch over a given operational range. To improve and prolong the switch operation, the
detrimental effects of contamination, oxidation, and local welding must be avoided in the context
of the design modifications being undertaken.

For the case of switch contact counterface material; the most conventional material is the gold-
gold contact. Gold exhibits superior performance due to its inert nature, low potential to be
oxidized, and low electrical resistance [1]. Yet the nature of the gold-gold contact causes
asperity driven failure [2,3]. The true contact area of the counterfaces is considerably lower than
would be calculated for theoretically ideal smooth surfaces [4]. This leads to excessive current
being passed through asperity created constrictions and to reduced performance both in terms of
resistance and switch lifetime [3].
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An as yet unexplored avenue for a switch contacting material is a contacting surface with a
tailored compliant counterface with conductivity and thermal stability similar to that of the noble
metals already in use. To produce such a material, a composite approach is undertaken herein;
combining the elastic capability of vertically aligned carbon nanotubes [5] with the conductive
properties of gold and silver. Aligned arrays of conductive carbon nanotubes, grown on a
conductive metal substrate, are infiltrated with gold and silver to produce a switch surface with a
significantly lower elastic modulus than a solid metal contact.

As previously reported, vertically aligned arrays of carbon nanotubes are exceptionally
compliant when subjected to a compressive stress with an elastic modulus of approximately 50
MPa (5] (as compared to 77GPa for pure gold). Furthermore, it has been shown that even with
deformations in excess of 85%, the nanotube array will maintain its mechanical integrity and
return to its unloaded length with only modest permanent deformation occurring in the initial
cycles [5]. By combining the elasticity of the carbon nanotube with a metallic coating, a metallic
“sponge” is created. The switch performance characteristics of these composite materials are
explored here using a nano-indenter configured for electrical contact resistance measurement.

EXPERIMENT
Materials

Vertically aligned multi-wall carbon nanotubes were grown on Inconel 600™ substrates using a
Chemical Vapor Deposition growth furnace using ferrocene/xylene for the catalyst and carbon
source respectively as described in [6]. Growth on this substrate has previously been shown to
give excellent electrical contact to the nanotubes [6]. The nanotubes were grown to
approximately 100pum over a 2cm by 2cm Inconel 600™ substrate. Figure 1 shows the basic
carbon nanotube array grown on the Inconel™ substrate.

h}ct‘»ml - MW

1gur 1. Inconel ™ su st@ratekéﬁdﬁk efore énae nanotube owth (left). FESEM
micrograph of the MWNT growth cross-section (right).

The carbon nanotube array was infiltrated with gold and silver using a physical vapor deposition
(magnetron sputtering) system as described in [7]. The deposition was carried out until a thin
layer of metal roughly Sum thick is formed on the outer surface as shown in Figure 2.
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Figure 2. Infiltration of gold (left) and silver (right) into the aligned MWNT array. Both metals
are deposited along the entire nanotube length and are topped by an approximate Sum thick
metal canopy.

Methods

To test the composite material’s hot-switching performance, a modified MTS nano-indenter was
employed for electrical contact resistance measurements. For each cycle, contact and
compression is followed by a dwell period of 0.75 seconds while in contact, with subsequent tip
withdrawal; each cycle takes a total of 2.5 seconds. The contact cycle is repeated for 3000
cycles to generate the electrical performance analysis, with 5V supplied voltage (hot-switched)
and SmA supplied current. The indenting surface for the switch experiments is a 2mm diameter
gold coated sphere. The contacting force measured for each cycle was approximately 25mN,
with voltage drop at less than ImN. Figure 3 shows the force and voltage data for cycles 10,
100, 1000, and 3000 during the gold infiltrated test.

Combined Cycle Profile for Gold Infiltrated MWNT
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RESULTS AND DISCUSSION

A key concern in switch performance is its mechanical integrity over time. For a compliant
substrate the concern is the durability of the spring-like supportive nanotube base material.
Permanent substrate depression would cause a deterioration of performance over time and
indicate a shorter life span for the switch. Such deformation, while not plastic by the continuous
material definition, is caused by nanotubes moving past each other and losing their group
supporting characteristic. Figure 4 gives the displaced compression of the bare nanotube (no
metal infiltration), gold infiltrated, and silver infiltrated nanotubes as a function of the
cycle/time.

MWANT Based Switch - Counterface Compaction
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Figuré 4. Displacement to contact p“fofi‘le for gold ihfiltrated, silver infiltrated, and bare
nanotubes as a function of cycle/time.

From Figure 4 it can be seen that infiltration of metal reinforces the nanotube array. This is
demonstrated via the reduced percent compaction and greater stability over time as compared to
the bare nanotube array. The reinforcement is caused by the thin metal film tying the nanotube
tips together, inhibiting the movement of the underlying nanotube structure. In the base
nanotube material (without metal infiltration) there is no inhibition of this movement, permitting
the nanotubes to move past each other causing a prolonged deformation region relative to the
metal infiltrated samples. Figure 4 also shows that permanent deformation of the metal
infiltrated samples is complete after 500 cycles with negligible compaction thereafter.

The resistance of a switch is the primary determinant of performance over time. Greater
resistance generally indicates an increase in surface contamination and a reduction in the usable
contact area for current passage. The causes of this performance degradation are most often
attributed to asperity/constriction derived heating of the conducting pathways. Over time, the
asperities develop oxides and contaminants due to the extreme heat generated when large
currents are passed through the constricted pathway.

Figure 5 shows the results of the resistance measurements as a function of cycles/time for the
base nanotube array, gold infiltrated array, and the silver infiltrated array. In the Y-axis there is a
break indicating the large disparity between the resistance of the bare nanotubes and the metal
infiltrated nanotube arrays.
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MWNT Based Switch - Electrical Degradation Testing
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Figure 5. Voltage profile for gold infiltrated, silver infiltrated, and bare nanotubes. The
dependent axis is broke to allow the larger resistance of the bare nanotubes to be plotted.

It is noteworthy that stability is achieved within the 500 cycle window observed in the
compaction analysis. The resistance values of =0.4Q achieved for the gold infiltrated nanotube
array is similar to previously reported gold-gold based elastic switch contacts [8] utilizing similar
contact force. Considering the significant increase in resistance between the gold infiltrated
nanotube array and the base multiwall nanotube array (no infiltration), it is likely that the gold is
the conductive medium and not the nanotubes. This assertion relegates the nanotubes to a
predominantly mechanical support role in the switch.

The argument in the analysis above is that the surface compliance of the nanotube support
affords much greater surface area to be in contact during compression. This greater surface area
alleviates the constriction based failure modes by lowering the current density in any given
electrical pathway. Knowing the surface roughness and mechanical properties of the contacting
surfaces, a plot of the contacting area can be generated for a compliant substrate and a standard
gold-gold contact. Figure 6 shows the result of this calculation for the metal-nanotube based
contact and a standard metal-metal contact. Note that the load in the nanotube-metal switch
scenario is 1 uN whereas the metal-metal contact is 100 uN. Based on these calculations it is
clear that the contact surface area is significantly greater for the compliant surface contact.

Metal-MWNT Contact Area (Fp= 1 uN)
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Figure 6. Analysis of contacting surface area for a nanotube surface (left) and a metal -
_contacting surface (right). White indicates areas in contact between switch surfaces.

161



CONCLUSIONS

It has been shown that a robust and low resistance switch can be fabricated using a conductive,
compliant counterface made of metal infiltrated aligned carbon nanotube arrays. Analyzing the
compaction data as well as the resistance data shows that there is little to no degradation of the
switch performance, either mechanical or electrically, across all 3000 cycles at moderate contact
force. Stabilization of the switch surface occurs within 500 cycles of initial compression for both
the silver and gold infiltrated switches. The enhanced longevity and performance (3000 cycles
and 0.4Q respectively) of the compliant switch surface has been attributed to the significant
increase in contact surface area allowing for a reduction in current density. Furthermore, the
fabrication process shows promise for dimensionally scaling down the process for low load
micro-switch applications.

ACKNOWLEDGMENTS

This material is based upon an AFOSR-MURI grant FA9550-04-1-0367. Any opinions,
findings, conclusions or recommendations expressed in this material are those of the authors and
do not necessarily reflect the views of the Air Force Office of Scientific Research.

This work was also supported by the Nanoscale Science and Engineering Initiative of the
National Science Foundation under NSF Award Number DMR-0117792.

Additional funding came from NASA GSRP grant number NNJO5JG72H under the auspices of
Johnson Space Center.

REFERENCES

1. D. Hyman and M. Mehregany, IEEE Transactions on Components and Packaging
Technology 22, 357 (1999)

2. J.W. Tringe, T.A. Uhlman, A.C. Oliver and J.E. Houston, J. App. Phys. 93, 4661 (2003)

3. J.W. Tringe, W. Wilson and J. Houston, “Reliability, Testing, and Characterization of
MEMS/MOEMS,” ed. R. Ramesham (Proc. SPIE, 2001) 4558 pp. 151-158.

4. J.A. Greenwood and J.P. Williamson, Proc. Royal Soc. (London) A295, 300 (1966).

5. A. Cao, P. Dickrell, W.G. Sawyer, M. Ghasemi-Nehjad and P.M. Ajayan, Science 310, 1307
(2005).

6. S. Talapatra, S. Kar, S. Pal, R. Vajtai, L. Ci, P. Victor, M. Shaijumon, S. Kaur, O. Nalamasu,
P. Ajayan, Nature Nanotechnology 1, 112 (2006).

7. W.Li, S. Xie, L. Qian, B. Chang, B. Zou, W. Zhou, R. Zhao, G. Wang, Science 274, 1701
(1996).

8. S. Hannoe and H. Hosaka, Microsystem Technologies 3, 31 (1996).

162





